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ABSTRACT 
Some chiral liquid crystalline compounds 1 - 9 have been 
synthesized enantioselectively from naturally occurring monoterpenes. 
Compounds 1-8 containing a cyclohexene ring in the rigid core 
were synthesized from commercially available (5)-(-)-p-pinene (18) and 
(i?)-(+)-a-pinene (23), respectively. Compound 9 containing a trans 
1,4-disubstituted cyclohexanone ring was synthesized from the 
commercially available (5)-(-)-limonene oxide (49). 
The optical purities of (5)-(-)- and (i?)-(+)-perillalcohol (17, 28), 
� - ( - ) - and (i?)-(+)-l"i)entyl-4-hydroxymethyl-l-cyclohexene (35，36) 
and (25,55)-2-pentyl-5-hydroxymethyl-l-cyclohexanone (64) have been 
determined by ^ NMR analysis using chiral shift reagents. 
The mesomorphic phases and transition temperatures of 
compounds 2，3，5，6，7, 8 and 9 have been characterized. 
: . i v 
I. INTRODUCTION 
1-1. Liquid Crystal Mesophases1，2 
1-1-1. Mesophases1 
Liquid crystals were discovered in 1880,3 yet these phases were relatively 
unknown to the general public until their recent commercialization in low-power, passive 
display devices. Now the term LCD (liquid crystal display) has become familiar. 
Liquid crystals have also recently received extensive attention in the scientific community 
because of their low dimensional ordering. Consequently, they have been described as a 
new (or even sometimes the fourth) state of matter. Certainly they are not liquid, solid, 
or gas but comprise a number of intermediary states of matter that occur between the 
isotropic liquid and the organized solid state. 
In a normal melting process, the degrees of freedom of the molecules increase in 
three dimensions: thus molecules that are ordered in the solid state tumble freely in the 
amorphous liquid. However, in a melting process mediated by liquid-crystalline 
behaviour, there is a stepwise breakdown of order and a concomitant selective increase 
in the number and variety of degrees of freedom. The steps of the breakdown of order 
4 coincide with the formation of thermodynamically stable states, known as mesophases. 
Two basically different classes of mesophases have been discovered. First, there 
are those that contain a 3-dimensional crystal lattice, but are characterized by substantial 
rotational disorder (i.e., disordered crystal mesophases), and second, there are those 
with no lattice, which are therefore fluid, but nonetheless exhibit considerable rotational 
order (i.e., ordered fluid mesophases). Molecular structure is in fact important and, 
generally speaking, molecules comprising one of these two types of mesophase are 
distinctly different in shape from molecules comprising the other. Indeed, with the 
possible exception of some polymorphous smectic materials, there are no known 
substances that show both disordered crystal and ordered fluid mesophases. 
Disordered Crystal Mesophases Disordered crystal mesophases are known as 
“plastic crystals'9^ In many cases plastic crystals are formed by "globular" (/.^. , 
essentially spherical) molecules, for which the barriers to rotation are small relative to the 
lattice energy. As the temperature of such a material is raised, a point is reached at which 
the molecules become energetic enough to overcome these rotational energy barriers, but 
not sufficiently energetic to destroy the lattice. The result is a phase in which the 
molecules are translationally well ordered but rotationally disordered, i.e., a disordered, 
or plastic crystal. Further rise in the temperature will cause the eventual destruction of 
the lattice, at which point a transition to the isotropic liquid occurs. Perhaps the most 
striking property of plastic crystal mesophases is the ease with which they may be 
deformed under stress. It is this softness or "plasticity" that gives these mesophases 
t ; ' ’• , ‘ " ; , ' : ' • ‘ r - ' , t: .-  ...... :. ... : .‘ .•.’.• “ '“‘ :_ - ... ‘ - ‘ , . .� • , •:. 
their name. 
Ordered Fluid Mesophases Ordered fluid mesophases are generally called 
"liquid crystals"5^1 ^^ and are usually composed of elongated molecules. In these 
mesophases, the molecules show certain degree of rotational order (and in some eases 
partial translational order as well) even though the crystal lattice has been destroyed. 
Lack of a lattice requires that these mesophases be fluid; they are, however, ordered 
fluid phases. It is this concomitant possession of liquid-like (fluidity) and solid-like 
(molecular order) character in a single phase that makes liquid crystals outstanding and 
exhibits so many interesting properties. 
1-1-2. Types of Liquid Crystals1 
There are two types of liquid crystal mesophases, i.e. thermotropic and 
lyotropic. Thermotropic liquid crystals are of great interest both from the standpoint of 
basic research and also of applications in electro-optic displays, temperature and 
pressure sensors. Lyotropic liquid crystals, on the other hand, are of great interest 
biologically and appear to play an important role in living systems. 
CH3 
II H H 
O 
cholesteryl nonanoate --
, : : , : ⑷ ： . ： . 
N-(p-methoxy benzyHdene)-Jpl-butylaniline (MBBA) 
( b ) . . : , 
Fig. 11 — Molecular structures that give rise to thermotropic mesophases. 
Thermotropic Liquid Crystals The term “thermotropic，，arises because transitions 
involving these mesophases are usually influenced by temperature change. Materials 
showing thermotropic liquid crystal phases are usually organic compounds with 
molecular structures typified by those of cholesteryl nonanoate and N-(p-
methoxybenzylidene)-p'- «-butylaniline (MBBA) shown in Fig. 1. Axial ratios of 4-8 
and molecular weights of 200-500 gm/mol are typical for thermotropic liquid crystal 
. 2 
mesogens. In this type of liquid crystals, every molecule participates on an equal basis 
in the long range ordering. 
Lyotropic Liquid Crystals Solutions of rod-like entities in a normally isotropic 
solvent often form liquid-crystal phases for sufficiently high solute concentration. These 
anisotropic solution mesophases are called "lyotropic liquid crystals”.10’11’12 Although 
the rod-like entities are usually quite large compared with typical thermotropic liquid-
crystal mesogens, their axial ratios are seldom greater than -15. Deoxyribonucleic acid 
(DNA), certain viruses, g.g., tobacco mosaic virus (TMV), and many synthetic 
polypeptides all form lyotropic mesophases when dissolved in an appropriate solvent 
(usually water) in suitable concentration. The conformation of most of these compounds 
is quite temperature dependent, i.e. the rods are rather unstable with respect to 
temperature changes. This essentially eliminates the possibility of thermally inducing 
phase transitions involving lyotropic mesophases. A more natural parameter which can 
be altered to afford such transitions is the solute concentration. The principal interaction 
furnishing long range order in lyotropic liquid crystals is the solute-solvent interaction; 
solute-solute interactions are of secondary importance. To a good approximation, only 
the rod-like entities (solute) participate in the long range ordering. 
1-1-3. Classification according to Molecular Order1，2 
These mesophases can be classified using a scheme based primarily upon their 
symmetry. This scheme, first proposed by Friedel in 1922,13 distinguishes three major 
classes — the nematic, the cholesteric and the smectic. 
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Fig. 21— Schematic representation of nematic order. 
Nematic Order The most commonly known mesophase is the nematic (N) phase 
(from Greek nematos threadlike), which is found in most commercial applications of 
liquid crystals. The molecular order characteristic of nematic liquid crystals is shown 
schematically in Fig； % Two features are immediately apparent from the figure: 
“:‘:」,义“:,：":::」‘；,3。厂；“〜：1 " )， , t , ’ 
(1) There is long range orientational order, i.e., the molecules tend to align 
parallel to each other. 
(2) The nematic phase is fluid, there is no long range correlation of the 
molecular center of mass positions. 
In the state of therxnal equilihrium the nematic phase has symmetry oo/mm and is 
therefore uniaxial. The (Erection of the principal axis ft (the director) is arbitrary in 
space. 
Cholesteric Order Fig. 3 shows the equilibrium structure of the cholesteric 
phase. As in the nematic phase, lack of long range translational order imparts fluidity to 
the cholesteric phase. On a local scale, it is evident that cholesteric and nematic ordering 
are very similar. However, on a larger scale the cholesteric director ft follows a helix 
where both the direction of the helix axis in space and the magnitude of the phase angle 
are arbitrary. Thus the structure of a cholesteric liquid crystal is periodic with a spacial 
period given by 
L = 7c/lqol. 
When qo = 0, nematic order is nothing more than cholesteric order. That is, the 
optically active version of nematic phase known as the cholesteric (Ch) or chiral nematic 
mesophase, which is utilized in encapsulated thermometers and guest-host color 
displays. 
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Fig. 31— Schematic representation of cholesteric order. 
Smectic Order Other mesophases also exist in which the molecules pack together 
in layers; this state, known collectively as the smectic (S) phase (from smectos, 
soaplike), is composed of at least 12 different variants. These structurally different 
phases have been characterized by miscibility and X-ray diffraction techniques and are 
11111111¾^^ • • 4
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classified by code letters A to K inclusive (two new phases have also been recently 
characterized and given the preliminary code letters O and P).14 An asterisk beside the 
code letter denotes chirality. However, except for three (smectic A, C and B) that have 
been reasonably well characterized, considerable uncertainty still exists about the exact 
nature of the molecular ordering in these phases. Smectic A, C and B phases appear to 
have one common feature, viz. one degree of translational ordering, resulting in a 
layered structure. Consequently, the smectic phases are much more viscous than either 
the nematic or the cholesteric phase. 
Smectic C order is depicted in Fig. 4. X-ray scattering data from several smectic 
G phases indicate a layer thickness significantly less than the molecular length. This has 
been reasoned as an evidence for a uniform tilting of the molecular axes with respect to 
the layer normal. The fact that the smectic C phase is optically biaxial is further evident 
in support of a tilt angle. Tilt angles of up to 45�have been observed and in some 
materials the tilt angle has been found to be temperature dependent. As in the smectic A 
phase [Fig. 4(a)], the layers are individually fluid and inter-layer diffusion can occur, 
although most likely with somewhat lower probability. 
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Fig. 41 — Schematic representation of two types of smectic order: 
(a) smectic A order; (b) smectic C order. 
Generally, the molecular structures of materials that exhibit liquid crystal phases 
have overall shapes that induce this kind of behavior.2 For example, spherical 
molecules can form plastic crystals, disklike molecules can form discotic liquid crystals, 
and rodlike molecules can form nematic, cholesteric and layered smectic phases. When 
the phases are composed of molecules with chiral or asymmetric molecular structures, 
their macroscopic structures sometimes become dissymmetric. For example, chiral 
:::::編 :入.:：• 5 厂: ； : . 
disklike molecules can form helical columnar, discotic mesophases, while chiral rodlike 
molecules can form helical orientationally ordered modifications such as the blue phase 
(I, n, and ID), the cholesteric phase, and layered smectic phases (C*, I*, and F*). The 
overall molecular structures of materials of the cholesteric and layered smectic phases 
have been described as lathlike. When a fluid mesophase — such as the cholesteric 
phase — is composed of optically active material, its structure becomes helical, whereas 
in the more ordered smectic state the inclusion of chiral molecules can sometimes result 
in the introduction of fexroelectricity and other related behaviors (vide infra). 
1-2. Structures of Liquid Crystal Mesophases2 
Three categories are used to differentiate the dissymmetric mesophases of 
.optically active liquid crystals. These classifications demonstrate the progressive 
stepwise breakdown in order of the system on passing from the solid to the liquid state 
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Fig.52 — The thermodynamic phase sequencing of liquid crystal phases that 
exhibit ferroelectric properties or form optical activity (or both). The asterisk 
indicates a phase composed of optically active material, which because of its 
local order has chiral symmetry. T9>Tiq. 
with increasing temperature. It may be possible for one compound to exhibit all these 
phases in a melting process as shown in Fig. 5, but this has not yet been observed. 
These phases occur above the melting point (T9) but below the clearing point (T{) and 
are therefore termed enantiotropic because they are thermodynamic ally stable. 
Moreover, the phase transitions are reversible at a definite temperature (Tj to Tg) and 
therefore do not undergo large supercooling. Phases that exist below the melting point 
and are seen on supercooling of the crystal are termed monotropic. [Phases also exist in 
which the molecules are orthogonal to the layers, for example A, B (hexatic), B 
(crystal), E, and so forth. Because these phases are not tilted they do not have helical 
structures, nor do they constitute form optical activity or ferroelectric properties. 
Orientationally Disordered or Smectoid Crystal Phases. Smectic-like phases J*, 
6 
G*, K*, and H* are the first step toward the liquid from the solid; they are generally 
disordered solids15，16 that can be loosely described as anisotropic plastic crystals. The 
prime feature distinguishing these phases from ordinary solids is the molecular dynamics 
of the phase. Unlike the solid, the molecules in these phases undergo rapid 
reorientational motion about their molecular long axes16 (on a time scale of 1011 sec"1). 
Melting from a solid to these phases involves an increase in the degree of rotational 
freedom primarily in a single dimension; in this direction, parallel to the tilt axis, they act 
like plastic crystals. This rapid reorientational motion, whether oscillatory or rotational, 
is assumed to be cooperative because the intermolecular distances for these phases 
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Fig. 62 ~ A melting scheme for an optically active smectogen. First it 
melts from the crystal (A) to a smectic-like crystal (B, phases G*，H*，J*, 
and K*), then to a smectic liquid crystal (C, phases Sg* t Sj*, and SF*), to 
a cholesteric phase (D), and finally to the amorphous liquid (E). The short 
straight lines indicate the elongated molecules, and the arrows indicate the 
spontaneous polarization direction in each layer (the arrow symbol indicates 
the polarization vector relative to the dipole direction as + -)• 
Order in the phases is similar to that in a solid because the phases are composed 
of periodic layers in which the long axes of the molecules are tilted with respect to the 
layer planes (Fig. 6). Consequently, the molecules have long-range positional ordering. 
Two of the better known phases, J and G, have an approximately hexagonal closepacked 
array of molecules in the plane normal to the tilt direction. These two phases differ 
structurally, however, in the direction of the tilt axis relative to the hexagonal packing 
matrix, which in the J phase is toward the apex of the hexagon and in the G phase is 
/: . .: , . 7 
toward the side.18 Usually the phases have an AAA packing arrangement between 
layers. ^ : .:....::::::. . . .� 
When the J*, G*, K*, or H* phase is formed from optically active material, it 
has ferroelectric properties19 because of its reduced symmetry. Yet the overall phase 
structure remains the same and does not have a helical ordering, and consequently it 
does not exhibit form optical activity. However, it contains chiral molecules, has a chiral 
symmetry20, and hence demonstrates ferroelectricity.19,21 Thus a bulk-aligned sample 
of these phases would exhibit strong ferroelectric behavior. As with normal 
ferroelectrics, a multidomain structure usually dominates, which greatly reduces these 
properties. 
Smectic Liquid Crystal Phases. If a liquid crystal mesophase is defined as one in 
which the molecules do not have long-range positional order, then the phases S c , SI? 
and SF correspond to the only tilted smectics.22 These three phases are devided into two 
groups. First, the Sj and SF?phases are analogous to the J and G smectic-like crystals 
except that they have only short-range, in-plane positional ordering of their molecular 
centers extending over a range of several hundred angstroms. They have long-range 
bond-orientational ordering, which is a measure of the extent of the orientation of the 
pseudohexagonal packing matrix both within and between the layers. The orientation of 
the packing net is long range in three dimensions; thus Sj and SF are known as three-
dimensionally stacked hexatic phases.23 The distinction between these two phases is 
again one of tilt direction, Sj being tilted toward the apex and SF toward the side of the 
hexagonal net.18 
Secondly, the S c is the least ordered of the tilted smectic phases in that it has 
short-range, in-plane positional ordering of its constituent molecules extending over a 
range of only 15 A. However, this phase has long-range orientational ordering of its tilt 
axis such that the molecules in a single domain are tilted roughly in the same direction. 
The layered structure is also looser than in the other phases and is essentially a one-
dimensional density modulation.24 
On melting from the smectic-like crystal phases to the smectic liquid crystal 
phases, there is a breakdown in positional order. This systematically carries on through 
SF or Sj (or both) and into the S c phase, and the rotational and translational freedom of 
the molecules increase correspondingly. 
When these phases are composed of optically active materials or contain optically 
active solutes, they too become dissymmetric by virtue of constituting a helical ordering 
of their tilt directions. The tilted long axes of the molecules precess about an axis normal 
to the planes of the layers; thus, on passing from one layer to the next, the tilt axis is 
turned through an azimuthal angle in the same direction, causing a spiraling of the tilt 
.direction.25 The helix so formed can be right- or left-handed depending on the 
materials. The phases/ code-lettered C*，I*，and F*，therefore exhibit form optical 
. . . ' ' 8 
activity and are also commonly described as ferroelectric. 
The Cholesteric Phase or Chiral Nematic Phase. This phase is the best known of 
the liquid crystal phases of optically active materials. It was called the cholesteric phase 
because it was first discovered in derivatives of cholesterol, and the term has now been 
extended to include many nonsteroid cases. It is the optically active or helical version of 
the common nematic phase that is used in modern commercial display devices; therefore, 
the cholesteric phase could be better described as the chiral nematic phase. 
In this phase, the molecules have no positional ordering or layered structure. In 
a given plane the molecules are orientationally ordered and are, on average, parallel to 
one another. On moving away above or below this plane there is a spiraling of the 
direction of the orientational order, thus forming a helical structure. 
The cholesteric phase can form right- or left-handed helical structures that can 
selectively reflect light when the pitch of the helix is comparable to that of the 
wavelength of visible light. Moreover, the pitch is temperature- and electrically-
sensitive,26 and consequently1 this phase has been utilized in surface thermography and 
in instruments such as encapsulated thermometers and thermochromic devices such as 
battery testers. These helical phases (Ch，Sc^ S!*，and SF*) have similar properties of 
light reflection and rotation of plane-polarized light when the direction of light 
propagation is parallel to the helical axis of the phase. 
1-3. Ferroelectric Liquid Crystals2'27 
It is generally known in solid state physics that some dielectrics exhibit the 
property that a nonzero and permanent value of electric polarization, known as 
spontaneous polarization, exists in the absence of an applied field. Such dielectrics are 
termed polar materials. If in addition the direction of a spontaneous polarization can be 
changed by an applied electric field, the name ferroelectric is used to denote this sub-
class of polar materials. The term ferroelectric is derived from analogy with 
ferromagnetic materials in that both types of materials possess domains, exhibit 
hysteresis loops and show Guri^-Weiss behavior near their phase transition 
temperatures. 
Feiroelectricity in solid crystals has been known since 1921, when a Rochele salt 
was discovered to exhibit dielectric hysteresis indicating a spontaneous electrical 
polarization.27 Ferroelectricity in liquid crystals was first demonstrated in 1975 by the 
physicist Meyer together with the chemists Liebert, Strzelecki and Kelle.28 They were 
able to show the presence of a spontaneous polarization by investigating the behavior of 
DOBAMBC (decyloxybenzylideneaniline methylbutyl cinnamate), a compound 
synthesized specially to exhibit the above-mentioned properties in having a C* phase. 
After the work by Clark and Lagerwall in 198029 on a fast electro-optic effect in a 
surface-stabilized ferroelectric liquid crystal (SSFLC) structure, both basic and applied 
麵 ; : : ' 、 . 」 : : . . . . : ， : 9 .: :. . .  ••.: .. 
research have accelerated, and today a great number of papers deal with development 
and characterization of ferroelectric compounds and mixtures and various aspects of 
device physics and manufacturing. 
The most important material parameters from the application are the sign and the 
magnitude of the spontaneous polarization, the tilt angle, the dielectric anisotropy, the 
refractive indices and birefringence, particularly the temperature dependence near the 
smectic A*-smectic C* transition. Values for the spontaneous polarization in solid 
ferroelectrics typically fall in the 1-100 |iC/cm2 usually are found in new substances. 
The polarization value in e.g. DOBAMBC would be close to the cited solid state values 
if all the molecules were rigidly lined up so that the molecular dipoles could contribute 
fully to the net macroscopic polarization. 
Typically, ferroelectric liquid crystals are materials that can undergo spontaneous 
polarization in an electric field so that the dipole moment of the molecules aligns along 
the same direction macroscopically. Because of the properties of rapid switching and 
bistability, ferroelectric liquid crystals hold great promises as new materials in display 
and switching devices. 
1-3-1. Optical Properties2 
Optical activity in systems described as being liquid crystalline in nature is 
restricted to the helical phases that conform to the more rigid definition of a liquid 
crystal. Thus the cholesteric and smectic liquid crystal phases Sc*, Sj*, and SF* exhibit 
form optical activity because of their helical ordering, while the smectic-like crystal 
phases apparently do not. Presumably this is due to the three-dimensional, long-range 
ordering in the structures of the crystal phases.19 
The cholesteric Sc*, S f , and SF* phases are inherently optically active because 
their structures have a helical orientational ordering of the long axes of their constituent 
molecules. When a beam of plane-polarized light transverses these phases such that its 
direction of propagation is parallel to the helical axis, the plane of polarization is rotated 
in the same direction as the helix.30 Thus a right-handed helical structure rotates the 
plane of polarization counterclockwise [levorotatory, (-)]，and a left-handed helix will 
rotate the plane clockwise [dextrorotatory, (+)] ’ when the observer is looking into the 
oncoming beam. The helix therefore acts as a guide to the plane-polarized light 
Generally, the degree of the optical rotation for a material in its liquid crystal 
phase is several orders of magnitude greater than for the material in its liquid state or 
when it is dissolved in a solvent This is because there is no organization in the liquid 
(or solution) state, and the plane-polarized light only interacts with randomly oriented 
individual molecules. The molar optical rotation of a material in a liquid matrix is 
described by Eq. 1.31 The specific optical rotation [a] of a material can be determined 
theoretically from Brewster's rules,^2 which examine local group interactions about the 
10 
chiral center of the material. Both the sign and magnitude of the optical rotation are 
determined by these interactions. 
[ a ] \ = 100a//c Eq. 1 
In liquid crystal systems, however, the sign and magnitude of the optical rotation 
are determined by the helical ordering and not by the group interactions. Therefore, 
there is no relation between the sign of the optical rotation [(+) or (-)] and its magnitude 
with Brewster's rules. Because no basic rules appear to describe the relation of optical 
rotation and helical ordering, results for liquid crystal materials have to be compiled 
before a consensus of opinion could be reached. 
1-3-2. Symmetry and Ferroelectricity2 
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Fig. 72 — Symmetry argument by Meyer33 for ferroelectricity in tilted smectic 
liquid crystals. Monoclinic environmental symmetry is exhibited in smectic C 
(top), and reduced symmetry is exhibited in smectic C* (bottom). 
The tilted smectic phases C, I, F, J, G,Kr and H of nonoptically active materials 
have monoclinic environmental symmetries^3 and consequently have the following 
symmetry elements: a center of symmetry, a twofold axis normal to the tilt direction, and 
a mirror plane perpendicular to the tilt direction. When these phases contain optically 
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active materials, the environmental symmetry elements are reduced to a single polar C2 
axis normal to the tilt direction of the phase and parallel to the layer.planes (Fig. 7).2 
The result of the packing of the dipolar regions of the molecules in these phases 
requires that a spontaneous polarization, Ps, act along the twofold axis normal to the tilt 
direction as predicted by Meyer.33 Because these phases do not have higher organized 
structure, the molecules can be reoriented by applying an external field of known 
polarity. These qualities give rise to the term ferroelectric for tilted smectic phases. In 
the helical phases the spontaneous polarization is rotated from one layer to the next about 
the helical axis (Fig. 6).2 Hence an individual layer is ferroelectric but the bulk phase is 
not because the spontaneous polarization is averaged to zero, and consequently the S c*, 
Sf r and SF* phases have been alternatively described as helielectric.34 The smectoid 
phases that do not have helical ordering usually have multidomain structures in which 
the direction of the spontaneous polarization is scrambled, and again the bulk unaligned 
phase is not usually ferroelectric. Where the helix is unwound or multidomains are 
formed, into a single domain, these phases become improper ferroelectrics.35 The 
cholesteric phase does not exhibit these properties because it has an uniaxial local 
environmental symmetry that is of too high an order to produce ferroelectric properties. 
As the spontaneous polarization acts along the normal to the tilt direction of the 
molecules and parallel to the layer planes, two directions for the spontaneous 
polarization are possible36 (Fig. 8).2 If the spontaneous polarization acts along the 
positive x direction when the molecules is tilted back into the page in the zy plane, it is 
denoted by Ps(+\ butif it acts along the negatives direction it is denoted by Fs(-)- Thus 
a material that exhibits a ferroelectric helical phase can be defined in terms of its optical 
activity and ferroelectric properties as (+) or (-) andPs(+) or Fs(-). 
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Fig. 82 — The spontaneous polarization direction 
Ps (+) or JPS (-) in smectic liquid crystals. 
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1-3-3. Applications of Liquid Crystals2 
One of the first utilizations of optically active liquid crystal mesophases comes 
from their property of selectively reflecting visible light When the pitch of the helix of 
the phase is comparable to the wavelength of visible light, it will reflect light of a single 
color. The pitch of the phase is also temperature-dependent, so that the combination of 
these properties can be used in the form of temperature sensors. In a gel formulation 
they have been applied to the early detection of some cancers that show up as hot spots 
in the body. Foi these applications it is desirable to obtain the phase in the required 
temperature range with the necessary pitch to reflect visible light Thus it is important to 
control the pitch and helical handedness by mixing materials together to produce the 
appropriate properties for the application. 
Cholesteric mesophases have also been used in display technology as biasing 
additives for the common twisted nematic LCD to prevent reverse twist domains37 from 
forming, in phase-change electro-optic displays, and as the host medium in colored 
guest-host displays. Thus the helical twist direction and the pitch of the helix are 
paramount factors in cell design and construction. 
Applications of the smectic modifications arise from their ferroelectric properties; 
for example, recent studies have shown that the smectic C* phase can be utilized in a 
fast-switching light-valve device that has memory.38 This kind of application requires 
some control on the pitch of the helix such that it is comparable to, or larger than, tiie cell 
thickness. This allows the helix of the phase to be unwound in a homogeneously 
aligned cell by surface boundary conditions. The pitch of the helix can be controlled in a 
manner similar to that for cholesterics by blending together materials whose helices have 
different pitches or opposite twist directions. It is also desirable to control the magnitude 
of the spontaneous polarization in such applications because this has direct implications 
for the switching process of the device. 
1-3-4. Microscopic and Macroscopic Studies2 
Optical Activityt Spontaneous Polarization, and Parity. Investigations of the 
properties of optically active liquid crystal materials are often best performed on smectic 
mesophases because they provide opportunities to study both optical activity, which is 
related to molecular configuration, and spontaneous polarization, which is related to the 
dipolar properties of the molecular structure. Therefore most of the examinations 
described were performed on ferroelectric smectic C* phases. 
The spontaneous polarization direction [Fs(+),尸3(-)] was found to alternate in a 
manner similar to that for the optical rotation.39 In a particular homologous series with 
even parity (n + 1 for n = 1, 3, 5), 5 absolute configuration, and (+) rotation, a negative 
spontaneous polarization [Ps (-)] is found; the reverse is the case for the odd members. 
..:::::紀^ . 13 
From these initial studies it seems that the optical rotation and the spontaneous 
polarization are closely linked. 
Steric and Dipolar Effects. The alternation of the spontaneous polarization and 
the optical rotation for incremental changes in parity suggests that both properties have 
similar causes. This cause resides at the chiral center of the molecule because, for 
example, the stronger its dipolar nature or the more restricted the rotation of this center, 
the higher the spontaneous polarization; also the closer the chiral center is to the core, the 
tighter the helix.40 Conversely, the larger the dipole moment at the chiral center, the 
more effect it has on the spontaneous polarization. However, the helical pitch length is 
affected more by position than by dipolar environment27'41 so that although the two 
properties are closely related they are not strictly linked together. 
Therefore it appears that the optical rotation and the spontaneous polarization are 
sensitive to changes in the dipole direction at the chiral center, not to steric forces, and 
that the helical handedness is controlled by the spatial orientation of this dipole. 
1-3-5- Influence of Molecular Structure on Ferroelectric Properties28 
Generally, ferroelectric liquid crystal phases are more complex than other liquid 
crystal phases, and many more parameters, some of which (e.g. elastic constants) have 
barely been investigated, are required to describe them, e.g. tilted phase formation, tilt 
angle, helical pitch, critical field, rotational viscosity and birefringence, and spontaneous 
polarization. Changes in molecular structure in particular affect the mutual interactions 
of the molecules and thereby the properties of the phase. 
The major requirements to produce a ferroelectric phase are that the molecules are 
chiral and tilted within the layers. Several theories have been suggested for the 
formation of the S c phase, but none seems to be totally satisfactory. However three 
features are common to most materials which form S c* phases: 
1. An aromatic core having two terminal alkyl chains (although this is not always 
necessary). 
2. Strong terminal lateral dipoles. 
3. At least two aromatic rings. 
For the phase to be ferroelectric it must also have a chiral center. 
In summary, feiToelectric liquid crystals are compounds that have one or more 
chiral centers and exhibit a tilted smectic phase. In other words, they are usually chiral 
smectic C (Sc*) compounds. An ideal ferroelectric liquid crystal should have large 
spontaneous polarization (Fs)? short response time, wide S c * range, and chemical and 
photochemical stability. 
1-4. Gompounds Forming Smectic C Phases 
The invention of the surface stabilized ferroelectric liquid crystal displays 
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(SSFLC)38 in 1980 initiated the search for stable compounds with broad temperature 
ranges of S c phases. Compounds forming this phase with a tilt of the molecules in the 
smectic layers have at least two aromatic rings,3? with a few exceptions (see, for 
example, compound III). A perpendicular dipole, off center, combined with a 
polarizable center are the general features of such molecules and the phenylpyrimidines 
I4 2 which have this feature are often used as basic components of S c phases. 
C 1 1 H 2 1 o h Q > - | 3 ^ C 8 H 1 7 
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The environment of a molecule in an S c phase can be described as monoclinic, 
with a 2-fold axis of symmetry and a mirror plane. To generate ferroelectricity, and to 
form a smectic Se* phase the mirror plane has to be removed. This is done by doping 
with an optically active compound, in most eases with an enantiotropic Sc* phase. The 
spontaneous polarization Ps of thin layers (2M.m) can be expected to be high if high 
transverse dipole moments are connected as rigidly as possible to the chiral center and if 
intermolecular interactions impede the rotation around the long molecular axis. 
Compound II4 3 has a very high Ps of 400 nAs/cm2. 
II 
For low switching times in displays a small value of the coefficient of rotational 
viscosity44 is advantageous. Here difluorobenzoates of the type III45 are very useful. 
F F ^ ^ C s H i i 
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It has been long known that fluorine substitution in the alkyl chains of a 
mesogenic compound leads to an enhancement of smectic phases (mostly SA) over the 
nematic phase. In the case of simple phenyl benzoates46 S c phases could be induced by 
special substitution patterns, as shown in lV, 
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The ferrocene derivative Y is another example of the integration of a transition 
metal complex into a mesogenic structure. Despite the participation of four 1,4-
phenylene units the transition temperature to the isotropic state is relatively low. This is 
explained by the presence of different geometric isomers.47 
Fe 
V 
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FLC materials are often prepared by doping chiral compounds having large Ps 's 
to smectic C liquid crystalline mixtures with low viscosity in order to realize fast 
response. Chiral y-lactones YI and VII are compounds with two asymmetric carbon 
atoms, fixing in a rigid five-membered lactone ring. Such geometry would by all means 
restrict the free rotation of the dipole moiety (an ester group). In this way, both the 
carbonyl group and the ether group are on the same plane and are both arranged 
perpendicular to the long axis of the molecule in the same direction. As a result, large 
Po's and fast response can be imparted.48 
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1-5. Novel S c * Compounds Containing a Chiral Cyclohexene Ring 
It has been established that S c * compounds which have large Ps are those 
containing a strong dipole adjacent to a chiral center.49，50 However, the net dipole 
moment of the aligned molecules is always considerably less than that calculated based 
upon a single conformation, because chain rotations would reduce the net dipole moment 
to fairly small value49. In contrast to compounds with a polar group near the chiral 
center(s) in a flexible side chain, the introduction of one or more chiral centers next to a 
strong dipole in the mesogenic core would enhance the net dipole moment of the 
molecule considerably, because motional averaging of the dipole moment would be 
greatly reduced. As a result, these compounds may have unprecedented Ps values in the 
Sq* phase. 
Liquid crystals having a cyclohexane ring are often used in display devices; 
compounds that contain a double bond in the side chain are known to be chemically and 
photochemically stable.51 Therefore, (A) and similar compounds are also likely to be 
stable. It is expected that they would have a S c * phase in analogy to many S c * 
compounds which contain two (pom-alkoxy)phe—nyl rings connected by an ester linkage. 
The polar carboxylic group adjacent,to the chiral center should impart a sizable dipole 
moment to the molecule. The dipole moment would be affected only slightly by director 
fluctuation but would not be diminished by the rotational motions of the side chains. An 
advantage of compounds with a cyclohexane ring is that they have a wider mesomorphic 
range than corresponding phenyl.compounds51. This may also be the case for 
compounds with a cyclohexene ring. Furthermore, since (A) has a "weak" chiral 
center, the pitch of the S c* phase may be quite long, which would make its S c * helix 
untwist more easily than other known S c * compounds. This may lead to a lowering of 
the threshold voltage for spontaneous polarization, or even contribute to a shortening of 
the switching time. However, the cyclohexene ring may reduce the dielectric constant s 丄 
of (A) and change the sign of Ae compared to the corresponding phenyl compounds.51 
It is not clear how this would affect the 尸s of the S c* phase. If the results turn out to be 
unfavourable, the cyclohexene ring may be replaced by a cyclohexanone ring (B), 




Most thermotropic liquid crystals contain a “rigid，，mesogenic core which is 
composed of benzene, cyclohexane, or heterocyclic ring, sometimes with a bridging 
linkage. Since the cyclohexene ring is non-planar, its contribution to the mesogenic 
properties of a compound would be similar to that of a cyclohexane ring. Although 
cyclohexene has a lower symmetry and a smaller molecular volume than cyclohexane, 
differences in most physical properties for the two types of the compounds are not 
expected to be substantial. However, there is a significant difference in a molecular 
symmetry: 1,4-disubstituted. cyclohexenes have at least one asymmetric carbon. This 
opens the interesting possibility of introducing a chiral center in the mesogenic core of a 
liquid crystal molecule. Then the branching out of the aliphatic chain caused by the 
incoiporation of the chiral center into the chain can be avoided and the mesomorphic 
character of the compounds maybe enhanced. 
Strictly speaking, cholesterol esters belong to this category, but the fused, ring 
system imparts some undesifiable physical properties such as high viscosity to the 
compounds, therefore, the applications of liquid crystalline cholesterol esters are rather 
limited. The first liquid crystals containing a cyclohexene ring were reported by Osman 
and Revesz in 1982,52 Few compounds with a chiral center in non-fused rings in the 
mesogenic core have been reported53 Unfortunately they show only monotropic liquid 
crystalline phases. 
More recently, a series of liquid crystals derived from the three isomers of 
cyclohexene carboxylic acids were reported by Bezborodov,54 who prepared the esters 
I-Y by the reaction of the appropriate acids VI-X with thionyl chloride and 4-
substituted phenols in the presence of pyridine. 4-rt-Alkyl-3-cyclohexene-l-carboxylic 
acids (V) were obtained by alkaline hydrolysis of the esters XV. These were prepared 
as the pyrolysis products of ethyl 4-n-alkyl-4-acetyloxycyclohexane- 1-carboxylates 
(XIII) synthesized by the interaction of alkylmagnesium bromides XI with the ethyl 
ester of 4-n-cyclohexanone-1 -carboxylic acid (XII) and followed by the decomposition 
of their magnesium derivatives XIV using acetyl chloride. 
Their mesomorphic propertied and the possibilities of using them as compounds 
for liquid crystal mixtures for electronic displays were also studied. The investigation of 
the liquid crystalline properties of the compounds II and V and their comparison with 
the similar parameters of aryl esters of /ra«5-4-n-alkylcyclohexane- 1-carboxylic acids 
show that the appearance of the double bond in the 1st or the 3rd positions of the ring in 
relation to an ester fragment causes a large distortion of the rod-like shape of the 
molecule. This is accompanied by a considerable narrowing of the mesophase (nematic) 
range (reduced by 50^), and also by a lowering of the melting point in the esters of 4-
n-alkyl-3-cyclohexene-l-carboxylic acids (V) and its increase for the esters of 4-n-alkyl-
1-cyclohexene-l-carboxylic acids (II). 
The high melting points for the esters II are probably due to the conjugation of 
the double bond in the cyclohexene ring with the ester fragment resulting in strong 
intermolecular interactions： The mesophase range in the aryl esters of the 加似-4-«-
alkyl-2-cyclohexene-l-carboxylic acids (III), whose molecules are close to rod-like, 
differs only slightly from that of the corresponding esters of the 
alkylcyclohexane-l-carboxylic acids. However these compounds are characterized by 
low melting points and this makes them potentially useful for use as components in 
liquid crystal mixtures. 
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The investigation of the electronic and dynamic parameters of mixtures 
composed of 4-n-pentyl-4-cyanobiphenyl and the aryl esters of 4-n-alkylcyclohexene-1-
carboxylic acids showed that mixtures containing esters of alkylcyclohexenecarboxylic 
：讓^  /:,;:::::>、:.:'::::::.19/.:'. . ..:.. 
香 港 中 文 T ^ i T i 館 藏 書 
acids have lower threshold voltages and saturation voltages and higher switch-on and 
switch-off times in comparison with those containing the corresponding esters of trans-
4-n-alkylcyclohexane- 1-carboxylic acids. 
Among the compounds differing by the position of the double bond in the ring, 
esters of 4-w-alkyl-3-cyclohexene-1-carboxylic (Y) and 4-n-alkyl-1 -cyclohexene-1 -
carboxylic acids (II) are the least promising for practical applications. Their use is 
limited by the absence of liquid crystal properties or by a narrow nematic range in esters 
V, rather high melting points in esters II，as well as by higher switch-on switch-off 
times. In addition the voltage contrast characteristic for the mixtures containing these 
compounds exhibited a low slope in comparison with those containing esters of trans-4-
n-alkyl-2-cyclohexene-1-carboxylic acids (III). It must be noted that the synthetic 
routes reported by Bezborodov54 for cyclohexene carboxylic acids are rather elaborate, 
and the compounds obtained are racemic mixtures., 
I ^ ^ O O C H s 
x W ^ V + if ) XVIII 
XVI XVII + 
^ ^ ^ ^ C O O C H b 
XIX 
(XYm:XIX = 95:5) 
XVIII XX 
XXI , 
~ ~ ~ " ^ x m X = -OCH3 (K-79-N-153-1); 
XXm. X = -CN (K-93-N-152-I) 
A series of new liquid crystals containing a cyclohexene ring have also been 
‘ synthesized and characterized by Fung.55 The cyclohexene ring was formed by the 
Diels-Alder reaction between myrcene (XVI) and methyl acrylate (XYII), and is 
20 
achiral^ Hydrolysis of the resulting methyl ester (XYIII) into the corresponding acid 
XX and esterification of the latter with X X I yielded a homologous series of liquid 
crystals with the structure XXII and XXIII. The compounds XXII and XXIII thus 
prepared are racemic mixtures. The lower members of this series (n = 1 and 2) have a 
large nematic range, and the higher members (n = 3-10) have multiple smectic phases in 
addition to the nematic phase. When (1R，2S, 5i?)-(-)-menthyl acrylates was used 
insteadof methyl acrylate in the Diels-Alder synthesis，optically active compounds with 
40% enantiomeric excess were obtained. 
In summary, the invention of the surface stabilized ferroelectric liquid crystal 
displays (SSFLC) in 1980 initiated the search for stable compounds. Compounds 
forming this phase with a tilt of the molecules in the smectic layers have at least two 
aromatic rings, with a few exception. A perpendicular dipole, off center, combined with 
a polarizable center are the general features of such molecules. The concept of 
incorporating the chiral center into the mesogenic core of a S c * liquid aystal is a very 
attractive one. There are many possibilities that can be explored: the structure of the ring 
with chiral center(s), the position of the double bond in a cyclohexene ring, the terminal 
groups, and the presence or absence of oxygen in the chains can all be varied Some of 
the compounds or their mixtures will likely be desirable ferroelectric materials for 
practical applications. We would like to synthesize these novel and promising 
compounds and investigate their physical properties. 
Despite the fact that liquid crystals of the structure types II and V {vide supra) 
are not promising for practical applications, we have undertaken a research program with 
the aim of synthesizing enantioselectively some liquid crystalline compounds containing 
a 1,4-disubstituted cyclohexene (f.e. 1-8) or a 2,5-disubstituted cyclohexanone {i.e. 9) 
in the rigid core to explore the mesogenic character of these compounds and to open up 
the possibility of introducing a new class of liquid crystals. In the trans-cst&r 9, the� 
liquid-crystalline properties may be present due to their rcxi-shaped molecule, whereas, 
in the d^-ester 10, such properties may be absent due to the pseudo-axial position of the 
alkyl group which excludes the possibility of their rod-like form. The alkyl chains in 5 -
8 contain a double bond and a branch. It is known that liquid crystals with alkenyl side 
chains are stable as long" as the double bond is not conjugated.51^56 The branched 
methyl group is not necessarily desirable, because it might have reduced the nematic 
range of the liquid crystals. The reason for the incorporation of the 2-propenyl chain 
into 5-8 is that the starting materials, (S)-(-)-p-pinene and CR)-(+)-a-pinene, are readily 
available commercially. In this thesis, we wish to describe the realization of these 
molecules by starting from commercially available and inexpensive monoterpenes. 
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II. RESULTS AND DISCUSSION 
II-l. Stereoselective Synthesis of Chiral Liquid Crystalline Compounds 
Containing a 1,4-Disubstituted Cyclohexene Ring. 
I I - l - l . Synthesis of (S)-(-)- and ( jR)-(+)-4 , . (4 , ,-Cyanobiphenyl) 4-
Pentyl-3-cyclohexene-l-carboxylate (1 and 3) and ( S ) - ( - ) - 4 , - ( 4 " -
Octoxybiphenyl) 4-Pentyl-3-cyclohexene-l-carboxylate (2). 
Our synthesis of (5)-(-)-4'-(4,r-cyanobiphenyl) 4-pentyl-3-cyclohexene-1-
carboxylate (1) and (5)-(-)-4,-(4,,-octoxybiphenyl) 4-penty 1-3-cyclohexene-1 -
carboxylate (2) with a double bond in the 3-position were elaborated from naturally 
occurring (5)-(-)-p-pinene (18) and (5)-(-)-perillalcohol (17). The retrosynthetic 
analysis of 1 and 2 is outlined in Scheme 1. The chiral liquid crystals 1 and 2 can be 
approached by esterification of (5)-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14) 
with appropriate phenols, 11 and 13. Acid 14 can be derived from OSX+l-pentyM-
acetyl-l-cyclohexe (15) by oxidation under straightforward haloform reaction 
condition. Ketone 15 can be expected as arising from the cleavage of the terminal 
double bond of (5)-(-)-l-pentyl-4-(2-propenyl)-l-cyclohexene (16) by ozonolysis. The 
pentyl side chain can be envisioned to arise from the coupling of the derivative of (5)-(-； 
)-perillalcohol (17) with copper reagent, which possesses the required skeleton. (5)-(-
)-Perillalcohol (17), which is incidentally also available commercially, could be obtained 
from naturally occuring (S)-(-)爷pinene (18). 
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Our attempt to synthesize the chiral liquid crystal 1 was based on the 
enantiospecific conversions of commercially available (5)-(-)-p-pinene (18) with [a]22D 
-19.0° (Aldrich 11,208-9), of which the optical purity was estimated to be only 82.3% 
ee [the highest value of the specific rotation of p-pinene (18) was [a]23D = 23.1° 
(neat)57]. Standard procedures 58’59 were followed for the ring opening of (5)-(-)-(3-
pinene (18) via (5)-(-)-p-pinene epoxide (19) to (5)-(-)-perillalcohol (16) (Scheme 2). 
The first conversion was from (5)-(-)»p-pinene (18) to (S)-(-)-(3-pinene epoxide 
(19). Keenan58 reported an iattempt to oxidize p-pinene to its corresponding epoxide. 
The first method attempted involved the epoxidation with monoperoxyphthalic acid in 
ether solution and no epoxide was detected in the reaction mixture. This was probably 
due to the acid catalyzed decomposition of the epoxide in the reaction mixture. 
Oxidation with peroxyacetic acid in the presence of a sodium acetate buffer in 
dichloromethane solution at OTI gave also no detectable epoxide. A method of 
epoxidation under strictly basic conditions using 50% hydrogen peroxide with 
benzonitiile as a coreactant in the presence of potassium bicarbonate has one drawback 
in that the unreacted benzonitrile in the reaction mixture was difficult to separate from the 
desired product. Attempts to remove the nitrile by column chromatography over alumina 
(Woelm, activity I) proved detrimental for the epoxide. The best method for the 
separation of benzonitrile from the epoxide was a careful distillation using a 60 cm high 
speed teflon spinning band distillation column. The use of excess olefin and peroxide 
reduced the amount of benzonitrile, thus making a distillation through a 15 cm Vigreaux 
column sufficient to produce the epoxide in ca. 90% purity. 
By the standard method as described by Keenan58, (5)-(-)-p-pinene (18) was 
epoxidized with 1 equivalent of 30% hydrogen peroxide and 0.5 equivalent of 
benzonitrile as coreactant in the presence of potassium bicarbonate. The reaction 
proceeded for 1 day at room temperature. (5)-(-)-p-Pinene epoxide (19) was separated 
from (5)-(-)-p-pinene (18) by fractional distillation under reduced pressure in 35% yield 
based on benzonitrile, bp 118^ (40 mmHg). The lU NMR spectrum (250 MHz 
NMR) was identical to that of the authentic sample. 
The synthesis of (5)-(-)-perillalcohol (17) from (,S)-(-)-p-pinene (18) has been 
reported.60 However, no data regarding the optical activity of the starting material or the 
final product were available. In subsequent work Keenan58 developed a process, based 
on a French patent synthesis60, for the conversion of (5)-(-)-p-pinene (18) to (5)-(-)-
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perillalcohol (17). The conditions reported for the rearrangement of the epoxide with • 
acetic acid/acetic anhydride were to reflux the mixture for six hours. Analysis of the 
products of this reaction by gas chromatography indicated the presence ofperillyl acetate 
and some perillalcohol (17) as well as a compound which was probably a diacetate. 
Distillation of the reaction mixture at atmospheric pressure gave a mixture of perillyl < 
acetate and pexillalcohol (17), Hydrolysis of the distillate gave optically active (5)-(-)-
peri31alcohol(17) as the major product in 9% yield, [ a ] ^ -86.8° (c 0.60, CHC13). 
After that, there was a Swiss patent59 about the selective ring opening of (5)-(-)-
p-pinene epoxide (19) catalyzed by ammonium nitrate in nitromethane. (S)-(-)-
Perillalcohol (17) could be obtained with easy workup and in high yield. According to 
the method mentioned above59, the ring opening of (S)-(-)-p-pinene epoxide (19) was 
accomplished by reacting with ammonium nitrate in nitromethane at 8(TC for 5 h. 
)-Peiillalcohol (17) was readily available by distillation under reduced pressure in 68% 
yield: bp 152^ (30 mmHg), [a]D -58.2° (c 1.3，CH3OH), which was further purified 
by column chromatography on； silica gel with hexane/ethyl acetate (10:1): [a]D -68.0�(c 
1.47, CH3OH). The structure was supported by the NMR spectrum which is 
identical with that of the commercial material, in which the signal of the trisubstituted 
olefinic proton was observed at 8 5.70 ppm as a broadened singlet, the terminal olefinic 
protons at 5 4.72 ppm as a broadened singlet (2H), the oxygen-containing methylene ‘ 
protons at 5 3.99 ppm as a singlet (2H), and the propenyl methyl protons at 5 1.74 ppm 
(3H) as a singlet. The mass spectrum exhibited M+ at mJz 152. The optical purity of 14 
was found to be 88.0% ee determined by 1H NMR spectroscopic method using chiral 
shift reagent complex Ag(fod) and Pr(hfc)3 (vide infra). 
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Allylic pivalates were reported61 to react smoothly with lithium dialkylcuprates • 
as well as with RMgX-Cul (2:1) complex under mild conditions, giving rise to coupling 
products in high yields. 
The allylic pivalates so far studied61 included both the primaxy and the secondary 
ones with the double bond substituted in various patterns. In principle, an allylic 
pivalate could couple with a dialkylcuprate in two different ways, involving either the a-
• 25 
carbon bearing the pivaloxy group to give the 5^2-type product or the y-carbon with 
simultaneous migration of the double bond to give the SN2'-type product. Experimental 
results61 showed that the coupling proceeded with a high degree of regioselectivity with 
both the lithium- and the magnesium-containing reagents. With lithium dialkylcuprates, 
the general mode is the displacement at the a-carbon by the predominant formation of the 
5^2-type product in all the reactions studied61 except one in which the double bond of 
the allylic pivalate system is terminal. With the magnesium organocopper reagents, the 
major product obtained without any exception was found61 to be that resulting from7-
attack. 
Other allylic esters61,63 so far explored often showed inconsistent and thus rather 
unpredictable regioselectivity when subjected to coupling with lithium organocopper 
reagents and in general did not couple effectively with magnesium organocopper 
reagents. # 
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After obtaining (5)-(-)-perillalcohol (17), it was converted to (S)-(-)-perillyl 
pivalate (20)62 by treatment of an excess pivaloyl chloride in anhydrous diethyl ether in 
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the presence of pyridine, The reaction proceeded at room temperature for 1 day. 
Distillation in vacuo afforded pivalate 20 with 92% yield: bp 1081 (3.5 mmHg), which 
was fiirther purified by column chromatography on silica gel with hexane/ethyl acetate 
(20:1): [a]D -55.3° (c 10.0，CHC13). The XH NMR spectrum showed a singlet at 5 1.21 
ppm (9H) for the pivaloyl protons. 
On basis of the previous studies61'63, the nucleophilic displacement reaction of 
pivalate 20 with lithium dibutylcuprate proceeded in anhydrous diethyl ether at -40^ for 
2 h. Column chromatography on silica gel with hexane afforded (5)-(-)-l-pentyl-4-(2-
propenyl)-l-cyclohexene (16) in 75% yield: [a]D -68 .8� (c 10.5, CHC13). The 1H 
NMR spectrum of 16 showed a broad signal at 8 5.40 ppm (1H) for the trisubstituted 
olefinic proton and a triplet at 5 0.89 ppm (/ = 6.9 Hz, 3H) for the methyl protons on the 
side chain (Scheme 3). 
In view of the possible complication due to the chemoselectivity of the two 
double bonds of 16 upon ozonolysis, the trisubstituted double bond should be first 
protected before the cleavage of the terminal double bond by ozonolysis. The epoxide 
was chosen as a masked trisubstituted double bond which can be regenerated at the 
appropriate time. 
Magnesium monoperoxyphthalate hexahydrate (MMPP)64, a recently developed 
reagent with high stability at ambient temperatures, has been shown to oxidise a wide 
range of substrates under mild conditions. Epoxidation reactions can be effected in 
aqueous isopropanol or, for example when the alkene is not soluble in that system, in a 
two-phase system in the presence of a phase-transfer catalyst. By these conditions, the 
trisubstituted double bond of 16 was selectively protected as an epoxide by treatment 
with MMPP in either aqueous isopropanol or the two-phase system of chloroform and 
water at 5 0 ^ in the presence of the phase-transfer catalyst, methyltrioctylammonium 
chloride (MTOAC). (5)-(-)-l-Pentyl-4-(2-propenyl)cyclohexane-l,2-epoxide (21) was 
separated by column chromatography on neutral grade in alumina with hexane in 58% 
yield: [a]D -44.7° (c 8.0, GHC13). Compound 21 was a mixture of two diastereomers 
as indicated by ! H signals at 8 4.72, 4.67 ppm (br s, br s, total 2H), 3.04, 2.99, 2.97 
ppm (br s, br s, br s, total 1H), which also indicated the presence of an epoxide moiety. 
The mass spectrum showed M+ at m/z 208. Attempts to separate the crude product by 
chromatography on silica gel resulted only in the decomposition of the epoxide. It 
should be noted that an excess of MMPP and prolonged reaction time did not give better 
yields. 
After the trisubstituted double bond was protected, the terminal double bond was 
cleaved by ozonolysis65 in dichloromethane at -78°. The resulting ozonide was reduced 
by zinc dust and acetic acid. Deoxygenation66 was achieved at room temperature by 
treatment with sodium iodide and zinc dust in acetic acid in the presence of sodium 
acetate. The reaction involved opening of the epoxide as the initial step by treatment with 
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sodium iodide to result in the iodohydrin, and deoxygenating accomplished by treatment 
with zinc dust in acetic acid The reductive workup and deoxygenation was a one-pot 
transformation. Consequently, 21 was readily converted to (5)-(-)-1-pentyl-4-acetyl-1-
cyclohexene (15) by ozonolysis of the terminal double bond accompanied with the 
deoxygenation of the epoxide in 62% yield: [a]D -66.0° (c 11.0, CHC13). The signal in 
the ^ NMR spectrum for the methyl protons adjacent to the carbonyl group appeared at 
5 2.17 ppm as a singlet (3H). The resonance at 5 210.40 ppm in the 13C NMR spectrum 
also supported the formation of the ketone. 
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Finally, (S)-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14) was obtained 
from (5)-(-)-1 -pentyl-4-acetyl- 1-cyclohexene (15) by a haloform reaction. It was 
reported by Meyers68 that the methyl ketone A was degraded to the acid B by haloform 
reaction with bromine-sodium hydroxide (-10^, 4 h, then reflux 1 h). Under the basic 
condition, no epimerization of the chiral center at the a-position of the carbonyl group 
was observed. As ^ orbital has lower energy than p orbital, the more s character it 
contains, the lower is the energy of a hybrid orbital. It follows that a carbanion at an sp2 
carbon is more stable than a corresponding carbanion at an sp3 carbon, and the 
carbanion of cyclopropane, which has more character than that of cyclohexane, is a 
weaker base, and the proton of cyclopropane is more acidic than that of cyclohexane. In 
view of this generalization, there would be little risk of the racemization of 14 in the 
course of a haloform reaction. 
The haloform reaction67 of methyl ketone 15 was achieved with iodine-
potassium iodide-10% sodium hydroxide using dioxane as cosolvent (r.t.，1 h, then 60°, 
1 h) to result in (5)-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14)，which was 
purified by column chromatography on silica gel with hexane/ethyl acetate (4:1) in 65% 
yield: [a]D -56.7�(c 4.2, CHC13). The signal for the carboxylic carbonyl carbon in the 
13C NMR spectrum was observed at 5 181.97 ppm. 
The structure of acid 14 was further substantiated by the formation of the 
corresponding methyl ester 22，which was prepared by treatment of 14 with 
diazomethane in diethyl ether. The ^ NMR spectrum of the methyl carboxylate protons 
showed a singlet at 3.68 ppm. 
Now we were left with the relatively easy task to convert 14 to the appropriate 
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esters ! and 2 (Scheme 4). 
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Further esterification of the acid 14 with 4-hydroxy-4'-cyanobiphenyl (11) or 
4-hydroxy-4'-n-octoxybiphenyl (13), respectively, in diethyl ether in the presence of 
DCC and DMAP at room temperature overnight yielded the desired optically active liquid 
crystals 1 and 2. 
The specific rotation of 1 was [a]22D -42.8�(c 2.72, CHC13). The NMR 
spectrum of 1 showed two groups of AB quartet spin system at 5 7.72，7.66 ppm (/ = 
8.5 Hz, 4H) and 7.50, 7.20 ppm (/ = 8.6 Hz, 4H), indicating the presence of the 4,4'-
disubstituted biphenyl group. The 13C NMR spectrum showed the signals at 8 174.23 
ppm (C) and 111.22 ppm (C) corresponding to the ester carbonyl carbon and the nitrile 
carbon, respectively. The mass spectrum exhibited M+ atm/z 373. 
The specific rotation of 2 was [a]22D -35.2�(c 2，CHC13). The two groups of 
AB quartet protons of the 4,4'-disubstituted biphenyl system of 2 were shown at 8 8.94， 
8.44 ppm (/ = 8.42 Hz, 4H) 8.88，8.26 ppm (/ = 8.74 Hz, 4H) in the NMR 
spectrum. The 13C NMR spectrum showed a signal at 8 174.52 ppm (C) corresponding 
to the ester carbonyl carbon. Mass spectrum revealed 
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M+at m/z 477. 
Using a procedure similar to the synthesis of (5)-(-)-liquid crystalline compound 
1，(/?)-(+)-4,-(4,,-cyanobiphenyl) 4-pentyl-3-cyclohexene-l-carboxylate (3) can be 
synthesized. The commercially unavailable (+)-p-pinene (26) was however prepared by 
employing a literature procedure from commercially available (+)-a-pinene (23).D/ 
p-Pinene is the starting material for the manufacture of various chemicals and 
polyterpene resins. Unfortunately, the content of the less expensive a-pinene in natural 
terpentine oil is much higher than that of the more expensive p-pinene.69'70 This 
situation has led to many searches for simple methods of converting a-pinene into p-
pinene. 
There are many patents describing the conversion of a-pinene to (3-pinene. The 
most popular method, metal-catalyzed isomerization of a-pinene, gave a yield of only 3-
7% of l^-pinene.71 More recently some new conversions of a-pinene to p-pinene have 
been reported. Julia described a four step process that involved a reductive fission of 
alkene phosphonates with lithium aluminum hydride, leading to p-pinene with an overall 
yield of 25%.72 The conversion proposed by Cao yielded a mixture from which p-
pinene could only be isolated after an experimentally demanding distillation.73 A two-
step isomerization of a-pinene to p-pinene in 50% yield, via allylstannane, has been 
described.74 (+)-p-Pinene has been obtained from (+)-a-pinene via hydroboration with 
diborane, thermal isomerization of the intermediate organoborane, and displacement 
either with a high-boiling olefin or benzaldehyde.75’76 la another preparation based on 
hydroboration, the thermally isomerized organoborane derived from (+)-a-pinene and 9-
BBN reacts with benzaldehyde to give (+)-p-pinene in 51% yield_and 93.5% optical 
yield.77 p-Pinene has also be prepared in low yield from (+)- 10-camphenesulfonyl 
chloride.78 Recently, the preparation of p-pinene by metalation of a-pinene, with 
KCH2SiMe3, conversion of the potassium salt to the Et2B derivative, followed by 
protonolysis of the organoborane intermediate, provided p-pinene with low optical purity 
in yields of about 60%.79 An improved procedure for the conversion of a-pinene to p-
pinene in high chemical and optical yield using a combination of the Schlosser allylic 
metallation of a-pinene and allylborane chemistry was reported by Brown.57，80 This 
process was a simple one-pot transformation. ^-Pinene was obtained in high optical and 
chemical yield. 
By the standard method reported by Brown,57 The metallation of 
pinene [[a]22D +39.1�(neat), Aldrich P4,568-0] by the Schlosser reagent was carried 
out in hexane solution, and consequently this procedure allowed the functional use of 
allylic organopotassium intermediate without isolation. Accordingly the 
organopotassium 2 4 formed was treated with trimethyl borate, providing the stable “ate，’ 
complex 25. The organoborane 25 can be hydrolyzed under very mild conditions 
(room temperature), either by stirring with water or with dilute hydrochloric acid. 
Separation of the organic phase and distillation provided (i?)-(+)-|J-pinene in 63% yield: 
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The highest value reported for p-pinene made from (+)-10-camphenesulfonyl 
chloride was [a]25D +23.1°.57 The rotation we achieved with (+)-p-pinene prepared 
from (+)-a-pinene was [a]D =- +19.40 (neat), therefore, the optical purity of the synthetic 
(+)-(3-pinene was estimated only at 84.0% ee. The XH NMR spectrum was in complete 
agreement with that of the natural (JS')-(-)-p-pinene. 
(i?)-(+)-Perillalcohol (28) was prepared from (+)-^-pinene (26) via (及)-(+)-p-
pinene epoxide (27) by a route which has already been developed for (5)-(-)-
perillalcohol (17) (Scheme 6). 
(i?)-(+)-p-Pinene (26) was first treated with 1 equivalent of 30% hydrogen 
peroxide and 0.5 equivalent of benzonitrile in the presence of potassium bicarbonate for 
1 day at room temperature58, followed by fractional distillation under reduced presure to 
result in (i?)-(+)-p-pinene epoxide (27) in 35% yield based on benzonitrile: bp 112-
114尤(37 mmHg). The ^ NMR spectrum was consistent with that of a standard 
sample. Then ring opening of (+)-p-pinene epoxide (27) was achieved by treatment 
with ammonium nitrate in nitromethane at 80X1 for 5 h, followed by column 
chromatography on silica gel with hexane/ethyl acetate (10:1) to afford (/?)-(+)-
periHalcohol (28)59 in 65% yield: [a]D +52.0° (c 1.76，CH3OH). In its JH NMR 
spectrum the signal of the trisubstituted olefinic proton was observed at 8 5.71 ppm as a 
broadened singlet, the terminal olefinic protons at 8 4.72 ppm as a broadened singlet 
(2H), the oxygen-containing methylene protons at 8 4.00 ppm as a singlet (2H), the 
propenyl methyl protons at 8 1.74 ppm (3H) as a singlet. The mass spectrum showed 
• 31 
M+ at mlz 152. The structure was also supported by the lU NMR spectrum which is 
identical with that of an authentic sample. 
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Again, similar transformations of (R)-(+)-perillalcohol (28) generate acid 33 via 
pivolate29, diene 30, epoxide 31 and methyl ketone 32 (Scheme 6). 
(jR)-(+)-Perillalcohol (28) was treated with excess of pivaloyl chloride and 
pyridine in anhydrous diethyl ether for 1 day at room temperature. Column 
chromatography on silica gel with hexane/ethyl acetate (20:1) provided (/?)-(+)-perillyl 
pivalate (29)62 in 90% yield: [a]D +54.00 (c 7.24, CHC13). The NMR spectrum 
showed a singlet at 8 1.21 ppm (9H) for the pivaloyl protons. The mass spectrum 
exhibited M+ atm/z 236. 
The nucleophilic displacement reaction61 of the allylic pivalate 29 with lithium 
dibutylcuprate in diethyl ether at -78^ for 2 h resulted in the formation of (/?)-(+)-1-
32 
pentyl-4-(2-propenyl)-l-cyclohexene (30). The pure product was separated by column 
chromatography on silica gel with hexane in 78% yield, [a]D +55.2° {c 3.1, CHC13). 
The NMR spectrum showed a broad signal at 8 5.40 ppm (1H) for the trisubstituted 
olefinic proton and a triplet at 8 0.89 ppm (/ = 6.9 Hz, 3H) for the methyl protons on the 
side chain. 
Diene 30 was then treated with MMPP in the two-phase system of chloroform 
and water in the presence of phase transfer catalyst (MTOAC) at 5 0 ^ for 4 h. The 
trisubstituted double bond was epoxidized to afford (/?)-(+)-l-pentyl-4-(2-
propenyl)cyclohexane- 1,2-epoxide (31)64，65’66，which was separated in 60% yield by 
column chromatography on neutral alumina (activity HI) with hexane: [a]D +42.3�(c 
4.0, CHCI3). Compound 31 was a mixture of two diastereomers as indicated by XH 
signals at 5 4.72, 4.67 ppm (br s, br s, total 2H) and 3.04, 2.99，2.97 ppm (br s, br s, 
br s, total 1H), which also indicated the presence of an epoxide moiety. The mass 
spectrum showed M + atm/z 208. ‘ 
Ozonolysis of 31 in dichloromethane at -78^ followed by a one-pot procedure 
involving the reductive workup of the ozonide and the deoxygenation of the epoxide 
with zinc dust, sodium iodide and sodium acetate in acetic acid at room temperature 
overnight and column chromatography on silica gel with hexane/acetate (10:1) resulted 
in (i?)-(+)-l-pentyl-4-acetyl-l-cyclohexene (32) in 65% yield: [a]D +66.5�（c 11.5, 
CHCI3). The absorptions in the XH NMR spectrum for the methyl protons adjacent to 
the carbonyl group appeared at 8 2.17 ppm as a singlet (3H) and the olefinic proton at 8 
5.39 ppm (1H) as a broadened singlet. The absorptions at 8 210.80 ppm for the 
carbonyl carbon and 137.57，118.53 ppm for the two trisubstituted olefinic carbons in 
the 13C NMR spectrum also supported the formation of the ketone and the simultaneous 
deprotection of the epoxide. The mass spectrum revealed M+ at m/z 194. 
Oxidative cleavage of methyl ketone 32 by an iodoform reaction67 with iodine-
potassium iodide-water (1:2:1) in dioxane and 10% sodium hydroxide (r.t., 1 h, then 
60V, 1 h) provided (i?)-(+)-4-pentyl-3-cyclohexene-l-carboxylic acid (33) in 67% 
yield, which was purified by column chromatography on silica gel with hexane/ethyl 
acetate (4:1) as an eluent: [a]D +52.1° (c 8.2, CHC13). The signal for the carboxylic 
carbonyl carbon in the 13 C NMR spectrum was observed at 8 182.24 ppm. The mass 
spectrum had M + atm/z 196. 
The structure of acid 33 was further identified by the formation of the 
corresponding methyl ester, which was prepared by treatment of 33 with diazomethane 
in diethyl ether and purification by column chromatography on silica gel with 
hexane/ethyl acetate (10:1). The NMR spectrum of the methyl ester showed a singlet 
at 3.68 ppm. 
As shown in Scheme 7，further esterification of the acid 33 with 4-hydroxy-4'-
33 
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cyanobiphenyl (11) at room temperature in the presence of DCC and DMAP overnight, 
followed by column chromatography on silica gel with hexano/ethyl acetate (10:1) and 
further recrystallization from hexane provided (i?)-(+)-4,-(4,,-cyanobiphenyl) 4-pentyl-
3-cyclohexene-l-carboxylate (3) as white prisms in 74% yield, mp 65-66^, [a]D 雀: 
+41.3° (c 2.0，CHC13). The 1H NMR spectrum of 3 showed two groups of AB quartet 
spin system at 8 7.71, 7.65 ppm ( /= 8.5 Hz, 4H) and 7.58，7.19 ppm ( / = 8.6 Hz, 4H) 
indicating the presence of a 4,4,-disubstituted biphenyl system. The 13C NMR 
spectrum showed the signals at 8 174.13 ppm (C) and 111.15 ppm (C) corresponding to 
the ester carbonyl carbon and the nitrile carbon, respectively. 
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In order to determine the optical purities of chiral acids 14 and 33, both of the 
acids were converted to the corresponding alcohols 35 and 36 by the stereospecific 
reduction of the acids with lithium aluminum hydride (Scheme 8). 
Reduction next to a racemizable asymmetric center with lithium aluminum 
hydride showed clean-cut results.81 When 2-methylbutanoic acid (prepared by the 
oxidation of 2-methyl-l-butanol was reduced, the alcohol of unchanged rotation was 
obtained in 83% yield. Further, when /-menthone was reduced, a mixture of menthols 
was obtained which was reoxidized to /-menthone with insignificant change of rotation. 
These results show clearly that an asymmetric center next to a carboxyl or a carbonyl is 
unaffected by reduction with lithium aluminum hydride. 
Therefore, (S)-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14) was reduced 
to (5)-(-)-1 -pentyl-4-hydroxymethyl-1 -cyclohexene (35) in quantitative yield with 
lithium aluminum hydride in diethyl ether at room temperature for 1 h: [a]24D -59.8° (c 
1.0，CHCI3). The optical purity was determined as 76.6 % ee by XB. NMR 
spectroscopic method using chiral lanthanide shift reagent Eu(hfc)3 (vide infra). 
(i?)-(+)-4-pentyl-3-cyclohexene-l-carboxylic acid (33) was reduced to (R)-(+)-
34 
I-pentyl-4-hydroxymethyl-l-cyclohexene (36) with lithium aluminum hydride in 
quantitative yield: [a]24!)+46.60 (c 0.74, CHC13). The optical purity was determined as 
82.6% ee (v/cfe infra). 
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II-1-2. Synthesis of CS)_(-)-4，-(4"-Cyaiiobiphenyl) 4-Butoxymethyl-3-
cyclohexene-l-carboxylate (4). 
The synthesis of (5)-(-)-4,-(4"-cyanobiphenyl) 4-butoxymethyl-3-cyclohexene-
1-carboxylate (4) can be achieved by an extension of the similar methodology for the 
synthesis of (5,)-(-)-4,-(4,,-cyanobiphenyl) 4-pentyl-3-cyclohexene-l-carboxylate (1). 
In an almost identical manner, 3 could be synthesized from (5)-(-)^ 61111)^ 1 butyl ether 
(37), which in turn could be obtained from (S)-(-)-perillaIcohol (17) (Scheme 9). 
(S)-(-)-Perillyl butyl ether (37) was prepared by reaction of (5)-(-)-perillalcohol 
(17) and n-butyl bromide in the presence of sodium hydride in tetrahydrofuran at reflux 
for 10 h accompanied by the evolution of hydrogen.82 Column chromatography on 
silica gel with hexane/ethyl acetate (50:1) gave the pure compound 37 in 90% yield: 
[a]22D -57.90 (c 1.33, CHCI3). The two groups of the oxygen-containing protons 
appeared at 8 3.83 ppm (s, 2H) and 3.37 ppm (t, J = 6.6 Hz, 2H) in the NMR 
spectrum and the oxygen-containing carbons at 8 75.11 ppm (CH2) and 69.77 ppm 
(CH2) in the 13C NMR spectrum. The mass spectrum showed M+ at mlz 208. 
With 37 in hand, the next step was to protect the trisubstituted double bond 
Diene 37 was treated with MMPP^4,65'66 in the two-phase system of chloroform and 
water in the presence of the phase transfer catalyst (MTOAC) at 50^ for 4 h. The 
trisubstituted double bond was epoxidized to give (S)-(-)-1 -butoxymethyl-4- (2-
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propenyl)cyclohexane-l,2-epoxide (38). The epoxide was separated by column 
chromatography on neutral grade in alumina with hexane in 55% yield: [a]D -40.4° (c 
3.16, CHCI3). Absorption signals in the ^ NMR spectrum at 5 4.72, 4.68 ppm (br s, 
br s, total 2H) and 3.18, 3.13, 3.11 ppm (br s，br s, br s, total 1H) indicated the 
presence of a mixture of two diastereomers, which was also supported by the signals at 
5 74.91 (GH2), 74.65 (CH2) and 71.30 ppm (CH2) for the two oxygen-containing 
methylene carbons, and 59.09 (C), 58.72 (C), 57.71 (CH), 56.25 (CH) for the carbons 
adjacent to the epoxide oxygen in the 13C NMR spectrum. 
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Subsequent ozonolysis of the terminal double bond of 38 followed by the 
reductive workup with zinc dust, sodium iodide and sodium acetate in acetic acid in 
anticipation of the deprotection of the masked trisubstituted olefin was accomplished to 
afford (•^-(-Vl-butoxymethyl-^acetyl-l-cyclohexene (39): [a]D -67.8�（c 3.76, 
CHCI3). Absorptions at 8 2.18 ppm ( � 3 H ) for the three methyl protons adjacent to the 
，入;& .:, 36 .. . 
carbonyl carbon and 5.69 ppm (br s, 1H) for the olefinic proton were observed in the 
NMR spectrum. Also observed were the absorptions at 5 210.96 ppm for the 
carbonyl carbon and 135.20, 122.26 ppm for the olefinic carbons in the 13C NMR 
spectrum. The mass spectrum exhibited fragment ions at mlz 169 (M-57) and 153 (M-
Finally, a haloform reaction67 of the methyl ketone 39 with iodine-potassium 
icxiide-water (1:2:1) in dioxane and 10% sodium hydroxide (r.t, 1 h, then 6CTC，1 h) 
followed by column chromatography on silica gel with hexane/ethyl acetate (4:1) yielded 
(S)-(-)-4-butoxymethyl-3-cyclohexene- 1-carboxylic acid (40) as a viscous oil in 67% 
yield: [a]D-60.0° (c 2.26, CHC13). Absorption in the 13C NMR spectrum at 5 181.30 
I 
ppm (C) supported the presence of a carboxylic group. The mass spectrum revealed M 
atw/z 224. 
To complete the synthesis, the acid 40 was treated with 4-hydroxy-4'-
cyanobiphenyl (11) in the presence of DCC and DMAP in diethyl ether at room 
temperature overnight followed by column chromatography on silica gel with 
hexane/ethyl acetate (10:1). Further recrystallization from hexane afforded (5)-(-)-4-
(4"-cyanobiphenyl) 4-butoxymethyl-3-cyclohexene-l-carboxylate (4) as white prisms 
in 73% yield, [a]D -44.7° (c 3.28, CHG13). The XH NMR spectrum revealed two 
groups of AB quartet signals at 5 7.65, 7.58 (/ = 8.3 Hz, 4H), 7;54，7.17 (J = 8.6 Hz, 
4H) for the 4,4'-disubstituted biphenyl system. In the 13C NMR spectrum the ester 
carbonyl carbon displayed absorption at 5 173.45 ppm (C) upfield of the value in the 
appropriate carboxylic acid 40，and the cyano carbon showed absorption at 8 110.73 
ppm. The mass spectrum showed M+ at mlz 389. 
Compound 4 was unstable and decomposed after keeping in a refrigerator for 
several weeks, therefore, no data could be obtained in order to identify the liquid crystal 
properties. 
II-1-3. Synthesis of (5)-(-)- and (l?).(+).4 ,-(4 , ,-Heptoxybiphenyl) 4-(2-
Propenyl)-l-cyclohexene-l-carboxyIate (5 and 7) and (5)-(-)- and (R)-
(+)-4'-(4M-Octoxybiphenyl) 4-(2-Propenyl)-l-cyclohexene-l-carboxyIate 
(6 and 8). 
Another type of chiral liquid crystalline compounds 5, 6, 7，8 containing a 
chiral cyclohexene ring with a double bond at the 1-position were also synthesized from 
(5)-(-)-and (/^)-(+)-perillalcohols (17) and (28)，respectively. 
(5)-(-)-4,-(4,,-Heptoxybiphenyl) 4-(2-propenyl)-l-cyclohexene-1-carboxylate 
(5) and (S)-(-)-4,-(4,,-octoxybiphenyl) 4-(2-propenyl)-l-cyclohexene-1-carboxylate 
(6) can be easily synthesized by esterification of (5)-(-)-4-(2-propenyl)-l-cyclohexene-
1-carboxylic acid (42) with appropriate phenols 12 and 13. The chiral acid 42 is 
structurally related to (S)-(-)-perillalcohol (17) and could be achieved by oxidation of 
(5)-(-)-perinalcohol (17) (Scheme 10). 
Generally, the oxidation of a primary alcohol to the corresponding acid is 
performed in two stages, sometimes with the isolation of the intermediate aldehyde. 
Because of the presence of the two double bonds in 17, direct oxidation of the allylic 
alcohol 17 to the corresponding acid is most probably complicated. In the previous 
experiment an allylic alcohol can be cleanly oxidized to an allylic aldehyde by the specific 
oxidation with manganese (IV) dioxide without significant over oxidation to carboxylic 
acid. The reaction takes place in mild conditions (0X1) and in a neutral solvent (hexane). 
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(5).(.)_Perillalcohol (17) to (5)-(-)-perillaldehyde (41) was carried out by 
stirring 17 with excess manganese dioxide (Hopkin & Williams, 5840) in hexane at 0V 
for 2h. The aldehyde so prepared was unstable and polymerized under prolonged 
standing at room temperature, therefore, it was further oxidized to the corresponding 
acid 42 without purification. The NMR spectrum of 41 showed a singlet at 8 9.44 
ppm indicating the presence of aldehyde, and the absorption of the proton of the 
trisubstituted olefin shifted from 5.70 ppm (br s, 1H) in 17 to 6.84-6.82 ppm (m, 1H) 
in 41. 
Pearl83 used a procedure for the oxidation of ；？-hydroxybenzaldehyde to the acid, 
38 
requiring 1 mole of silver nitrate f6r alkaline oxidation. The reaction which began in a 
few minutes and was strongly exothermal, involved two stages. The first stage was the 
oxidation by Ag20 in the presence of alkali to give sodium carboxylate and spongy 
silver metal. The second stage involved conversion of the aldehyde into the acid by 
reaction with spongy silver and alkali (large excess of NaOH). 
This simple measure was taken to carry out the oxidation of perillaldehyde (41), 
the reaction proceeded at 50-60^ for 20 min, and the acid 42 was obtained in 75% 
yield: mp 130-132^ (hexane), [ot]25D -111.85�(c 1.94，CHC13). The ^ NMR 
spectrum showed that the signal at 5 9.44 ppm belonging to -CHO disappeared, and the 
signal of the trisubstituted olefinic proton was shifted downfield from 6.84-6.82 ppm 
(m) to 7.15-7.13 ppm (m). The 13C NMR spectrum and DEPT experiment also 
supported the structure, which showed the absorptions at 5 171.69 ppm (C) belonging 
to the carboxyl carbon of the a,p-unsaturated carboxylic acid, 148.66 (C), 141.57 (CH) 
to the trisubstituted olefinic carbons, 129.56 (C) and 109.31 (CH2) to the terminal 
olefinic carbons. The mass spectrum displayed M+ aXm/z 166. 
Having completed the preparation of the chiral acid 42，esterification was 
anticipated to be straightforward. The conversion was brought about by reaction of 42 
with the appropriate phenols 12 and 13, respectively, in the presence of DCC and 
DMAP in diethyl ether to afford 5 and 6 ‘ 
The l H NMR spectrum of (S)-(-)-4’-(4"-heptoxybiphenyl) 4-(2-propenyl)-l-
cyclohene-1 -carboxylate (5) showed a slightly downfield shift in the trisubstituted olefin 
from 8 7.15-7.13 ppm to 7.29-7.26 ppm, two groups of AB quartet spin system for the 
4,4,-disubstituted biphenyl system: 8 7.53, 7.14 ( / = 8.6 Hz, 4H), 7.48，6.95 ( / = 8.8 
Hz, 4H). The 13C NMR spectrum showed a signal at 5 165.77 ppm (C), indicating the 
presence of the a, ^ -unsaturated ester. The mass spectrum showed M^" at m/z 432. 
The NMR spectrum of (5)-(-)-4'-(4,,-octoxybiphenyl) 4-(2-propeny 1)-1-
cyclohexene- 1-carboxylate (6) showed a slightly downfield shift in the trisubstituted 
olefin from 8 7.15-7.13 ppm to 7.29-7.26 ppm, two groups of AB quartet spin system 
for the 4,4-disubstituted biphenyl system: 5 7.46，7.07 (J = 8.6 Hz, 4H), 7.41, 6.88 
‘ (J 二 8.8 Hz，4H). The 13C NMR spectrum revealed a signal at 5 165.72 ppm (C) that 
indicated the presence of the a,p-unsaturated ester. The mass spectrum exhibited M4" at 
m/z 446. 
(^)-(+)-4'-(4"-Heptoxybiphenyl) 4-(2-propenyl)-1-cyclohexene- 1-carboxylate 
(7) and (i?)-(+)-4,-(4,,-octoxybiphenyl) 4-(2-propenyl)-1 -cyclohexene- 1-carboxylate 
(8) were synthesized in an identical manner as their (-)-enantiomers 5 and 6 from (R)-
(+)-perillalcohol (28) (Scheme 11). 
The NMR spectrum of (/?)-(+)-perillaldehyde (43) showed a singlet at S 
9.44 ppm indicating the presence of aldehyde, and the signal of the trisubstituted olefinic 
....:. 39 .. 
� 
proton was shifted from 5.71 ppm (br s, 1H) to 6.83-6.81 ppm (m, 1H). 
The rH NMR spectrum of (i?)-(+)-4-(2-propenyl)-l-cyclohexene-l-carboxylic 
acid (44) showed the signal at 8 9.44 ppm belonging to an aldehyde disappeared, and 
the absorption of the txisubstituted olefinic proton was shifted downfield from 6.83-6.81 
ppm (m), to 7.15-7.13 ppm (m). The 13C NMR spectrum and DEPT experiment also 
supported the structure, which displayed the absorptions at 8 172.51 ppm (C) belonging 
to the carboxyl carbon of the a,p-unsaturated carboxylic acid, 148.63 (C), 141.62 (CH) 
to the trisubstituted olefin carbons, 129.65 (C) and 109.28 (CH2) for the terminal olefin 
carbons. The mass spectrum showed M + at mlz 166. 
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The XH NMR spectrum of (/?)-(+)-4'-(4"-heptoxybiphenyl) 4-(2-propenyl)-l-
cyclohene- 1-carboxylate (7) showed a slightly downfield shift in the trisubstituted olefin 
from 8 7.15-7.13 ppm to 7.29-7.26 ppm, two groups of AB quartet spin system for the 
4,4'-disubstituted biphenyl system: 5 7.54, 7.15 ( / = 8.6 Hz, 4H), 7.48, 6.96 ( / = 8.8 
Hz, 4H). The 13C NMR spectrum showed the signal at 5 165.77 ppm (C) that indicated 
the presence of the a, p-unsaturated ester. The mass spectrum gave M^ at m/z 432. 
The lU NMR spectrum of (^)-(+)-4,-(4,,-octoxybiphenyl) 4-(2-propenyl)-l-
cyclohene- 1-carboxylate (8) showed a slightly downfield shift in the trisubstituted olefin 
from 5 7.15-7.13 ppm to 7.29-7.26 ppm, two groups of AB quartet spin system for the 
4,4-disubstituted biphenyl system: 5 7.54, 7.15 ( /= 8.6 Hz, 4H), 7.49’ 6.96 ( /= 8.8 
40 
Hz, 4H)：； The 13G NMR spectrum showed the signal at 8 165.78 ppm (C) that indicated 
the presence of the a, p-unsaturated ester. The mass spectrum revealed M+ at m/z 446. 
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II-2v Synthesis of Chiral Liquid Crystalline Compound Containing a 
iran5-2,5-Disusbst i tuted Cyclohexanone Ring — ( 1 5 , 4 5 ) - 4 ^ ( 4 1 ^ 
Heptoxybiphenyl) 4-Pentyl-3-cyclohexanone-l-carboxylate (9). 
The strategy employed for the synthesis of (lS,45)-4,-(4"-heptoxybiphenyl) 4-
pentyl-3-cyclohexanone-l-carboxylate (9) is outlined in Scheme 11. Ester 9 can be 
obtained by esterification of (lS,45)-4-pentyl-3-cyelohexanone-l-carboxylic acid (45) 
with appropriate phenol 12. A general synthesis of acid 45 is by oxidative cleavage of 
the terminal double bond of 2-pentyl-5-(2-propenyl)-l-cyclohexanone (47), followed 
by the conversion of the resulting 2-pentyl-5-acetyl-l-cyclohexanone (46). The pentyl 
side chain can be assembled from 2-methylene-5-(2-propenyl)-l-cyclohexanone (48) by 
Michael addition with copper reagent 
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The synthetic plan called for the construction of enone 48 was elaborated upon 
the transformation of the naturally occurring (5)-(-)-Hnionene oxide (49). Our 
preliminary experiments to synthesize enone 48 was based on the regioselective 
dehydration of 2-hydroxy-2-methyl-4-(2-propenyl)-l-cyclohexanone (51), which was 
obtainable by the ring opening of (5)-(-)-limonene oxide (49)，followed by oxidation of 
l-methyl-2-hydroxy-4-(2-propenyl)-l-cyclohexanol (50) (Scheme 12). 
The hydrolysis of epoxide is a convenient method for the preparation of vicinal 
glycols. The reaction is catalyzed by acids or bases. Among acid catalysts the reagent 
of choice is perchloric acid since side reactions are minimized with this reagent.84 The 
cleavage of (5)-(-)-Hmonene oxide (49) with perchloric acid proceeded in 
tefrahydrofuran at below -10^ for 30 min, the ring opening product was obtained as a 
mixture of two diastereomers of (4S )-1-methyl-2-hydroxy-4-(2-propeny 1)-1-
cyclohexanol (50)，which were separated by column chromatography on silica gel with 
hexane/ethyl acetate (10:1) in a total 85 % yield By comparison of the Xltl NMR spectra 
of the two diastereomers of 50，and on the basis of the values of the vicinal coupling 
constants between Ha and hydrogen atoms linked to adjacent carbon atoms, one of 
which with lower Re value had the configuration of 50a (Scheme 12). The signal of B^ 
appeared at 8 3.61, 3.57 ppm as a doublet of doublets (/axial-axial= 11.8 Hz, a n d / 似 泌 
equatorial = 4.5 Hz), which exhibited features characteristic of the axial proton Ha. 
Another diastereomer with higher Rf value, on the other hand, preferentially adopted a 
single conformation of 50b, in which the two hydroxyl substituents were in an anti-
axial orientation. The signal of Hb appeared at 5 3.65-3.63 ppm as a multiplet, the width 
of which at half-height (WH) was about 3.1 Hz. The 13C NMR spectra of both of 50a 
and 50b also supported the formation of the diols. 
When the reaction proceeded at room temperature, l-methyl-2-hydroxy-4-(2-
propyMene)- 1-cyclohexanol (52) with the double bond migrated was obtained from 49 
(Scheme 13). The lJl NMR spectrum showed the signal at 8 3.47, 3.43 ppm as a 
doublet of doublets (J = 9.8，4.3 Hz, 1H) for the carbon-2 proton in an axial orientation. 
In the 13C NMR spectrum, the signal of the two olefinic carbons appeared at 8 126.91, 
123.77 ppm. The mass spectrum revealed M+ at m/z 170. 
The secondary alcohol 5 0 was then oxidized with 2 molar equivalents of PGC85 
in dichloromethane at room temperature for 2 h to give (55)-2-hydroxy-2-methyl-5-(2-
propenyl)- 1-eyclohexanone (51) (Scheme 12). The XH NMR spectrum showed that the 
signal at 8 3.5-3.7 ppm belonging to the carbon-2 proton disappeared, and the signal of 
the carbonyl carbon in the 13C NMR spectrum appeared at 8 212.46 ppm. 
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In order to generate enone 48，the a-hydroxy ketone 51 was treated with an 
excess of methyl sulfonyl chloride and triethylamine in dichloromethane at 0 ^ . 8 6 
Intractable materials were obtained under this condition, and the results were very 
complicated Our initial efforts to prepare enone 48 by means of dehydration of 51 
were unsuccessful. ‘. 
After several unsuccessful attempts to dehydrate a-hydroxy ketone 51 to enone 
48, a separate effort was made to search for a suitable method to convert (5)-(-)-
limonene oxide (49) to the enone 48. The above unsatisfactory outcome probably 
resulted from the instability of enone 48 with an exocyclic double bond. Because 
dehydration usually proceeds under acidic conditions, reverse procedures should be 
probably considered, in which the exocyclic double bond was planned to be constructed 
first, followed by a mild oxidation of an allylic alcohol. We were thus ready to test the 
.viability of such strategy 
44 
Allylic alcohol can be prepared by the rearrangement of oxirane.87 The 
rearrangement of oxirane to allylic alcohol catalyzed by lithium dialkylamide involves a 
cyclic transition state. The rearrangement is a highly specific process. Since the base 
employed for oxirane rearrangement has substantial steric requriements, the reaction is 
highly regioselective for Hoffmann-type eliminations involving proton abstraction from 
the least substituted carbon, yielding the least substituted double bond from 
unsymmetrically substituted epoxides.87 There is also a large conformational effect 
arising from the operation of a elimination mechanism which leads to 
regiospecificity in eliminations of cyclic epoxides. The regiochemistry of ring opening 
of tetramethyllimonene oxide can be controlled by the choice of bases,8 When iV-lithio 
ethylenediamine is the base the product is B; however, when lithium diisopropylamide 
(LDA) which has a greater steric requirement is employed the product is C. 
J y O H 
A ^ ^ ^ ^ ^ J y O H 
、； :: : ; : 、 : 、 ， . ^ ^ ^ ^ 
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This method was applied for the rearrangement of (5)-(-)-limonene oxide (49). 
By treating 49 with LDA in diethyl ether at room temperature for 12 h, column 
chromatography on silica gel with hexane/ethyl acetate (10:1)，provided the desired 
allylic alcohol 53 in 89% yield, [a]D -30.2�(c 5.30, CHC13) (Scheme 14). The product 
was a mixture of two diastereomers inseparable by tic (hexane/ethyl acetate 10:1)，as 
indicated by the XH signals at 5 4.36-4.34 ppm (m, 0.38H), 4.09-4.06 ppm (m, 0.62H) 
corresponding to the proton at the carbon adjacent to the hydroxyl group. 13C NMR 
spectrum also indicated the presence of two diastereomers by the signals at 5 151.06 
(C), 149.97 (C), 149.25 (C)，148.49 (C), 109.36 (CH2), 108.95 (CH2), 108.75 
(CH2), 103.86 (CH2) for the four olefinic carbons and 5 72.20 (CH), 72.00 (CH) for 
. . 45..:“ 
the oxygen-containing carbons. The ratio of the two diastereomers was 1:1.65. 
Additional evidence for the identification of 53 was provided in the low-resolution mass 
spectrum by a peak at mlz 152 corresponding to M+. 
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Small amount of the elimination product from the more substituted carbon, 
namely (3S)-6-hydroxy-6-methyl 3-(2-propenyl)-l-cyclohexene (54), was also isolated 
in 2.7% yield. The NMR spectrum showed the signals at 5 5.72-5.59 ppm (m, 2H) 
for the 1,2-disubstituted olefinic protons, 4.78-4.77 ppm (m, 1H), 4.67-4.66 ppm (m, 
1H) for the terminal olefinic protons, and 1.28 ppm (s, 3H) for the methyl protons. The 
13C NMR spectrum showed the signals at 5 147.16 (C), 110.69 (C) for the terminal 
olefinic carbons and 134.55 (CH), 130.39 (CH) for the 1,2-disubstituted olefinic 
carbons. The mass spectrum had M+ atm/z 152. The ratio of 53 and 54 was 33:1, 
46 
which indicated that the rearrangement of (5)-(-)-limonene (49) was highly 
regioselective, affording the elimination product from the least substituted carbon as the 
majorproduct (Scheme 14). 
The oxidation of the allylic alcohol 53 was subsequently investigated When 53 
was treated with PGC in anhydrous dichloromethane in the presence of a catalytic 
amount of pyridine at room temperature for 2 h, TLC indicated the appearence of a major 
enone 48 and a higher Rf compound which was found to be identical in all aspects with 
an authentic sample of perillaldehyde. The ratio of the desired enone and the rearranged 
product, perillaldehyde, was 6:1 based on the ^ NMR analysis of the reaction mixture. 
^ NMR spectrum of perillaldehyde showed a singlet at 5 9.44 ppm. It is probably due 
to the mildly acidic character of the chlorochromate. Obviously, the choice of a neutral 
oxidizing agent is the key factor for the conversion of 53 to 48. 
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Dess and Martin89 reported periodinane, which is a mild, selective reagent for 
the oxidation of primary and secondary alcohols. It is sparingly soluble in hexane or 
ether, but is very soluble in chloroform, dichloromethane, or acetonitrile. A solution of 
periodinane in one of these solvents rapidly oxidizes 1 equiv or less of a primary or 
secondary alcohol at room temperature to the corresponding aldehyde or ketone. No 
evidence for further oxidation of either product is seen under the conditions employed. 
Dess-Martin periodinane 56 was prepared by the standard procedure (Scheme 15).89 
According to this method, allylic alcohol 53 was successively oxidized to cx，p-
unsaturated ketone 48. The XH NMR spectrum was identical with the desired structure, 
which showed the signals at 8 5.86 ppm (br s, 1H), 5.17 ppm (br s, 1H) for the a,p-
unsaturated terminal olefinic protons, one of which appeared at lower field was due to 
the deshielding effect of the carbonyl group. Enone 48 was a sensitive oil which 
polymerized upon prolonged standing at room temperature. It was noted that the solvent 
should not be removed completely to prevent the sensitive enone from polymerization. 
. . . 47 . 
In considering the easy polymerisation of 48, care must be taken in the following 
workup process to ensure a dilute solution being kept at lower temperature. For the 
purpose of drying, aqueous benzene should be added for azeotropic distillation. Enone 
48 was too unstable for isolation, and therefore no other physical data could be obtained 
in order for further identification. 
After obtaining enone 48, the pentyl side chain of 57 was added by means of 
Michael addition. It is towards tiiis direction that the investigation was undertaken. 
Organoalkali metal reagents derived from stabilized carbanions (e.g., 
methyllithium, phenylsodium) generally add across the carbonyl group (1 �addition),90 
whereas enolate and other stabilized anions usually undergo Michael (1,4). addition,91 
introducing a carboalkyl group at the p carbon. Selective 1,4 or conjugate addition of 
aliphatic and aromatic groups to various a,p-ethylenic and acetylenic carbonyl units has 
been achieved with great success using organocopper reagents. 
Studies since 1966 haye shown that stoichiometric organocopper reagents, in 
addition to their broad utility in coupling reactions with organic halides and in reactions 
with other substrates, undergo usually effective conjugate addition to an extremely wide 
variety of a,p-unsaturated carbonyl substrates. Stoichiometric organocopper reagents 
generally produce conjugate adducts in higher yields and with greater stereoselectivity 
than do organocopper reagents generated catalytically from Grignard reagents and small 
amounts of copper salts； 
The R2CuLi species can be formed either without (Eq. 1) or with (Eq. 2) a 
lithium salt Since successful conjugate addition generally occurs with R2CuLi in the 
presence of LiX, and since the reaction represented by Eq. 2 is easier to carry out 
experimentally than that presented by Eq. 1 (i.e., salt-free organocopper must be 
prepared in a separate step), R2CuLi species for conjugate additions have usually, been 
prepared according to Eq. 2 from 2 equivalents of organolithium reagent and 1 
equivalent of the appropriate copper halide. Generally, ethereal solutions of lithium 
diorganocopper reagents are easily prepared under nitrogen or argon at 0 ^ (R CH3) 
or below -20^ (R ^ CH3) from organolithium compounds and cuprous iodide or 
bromide in a 2:1, molar ratio. As the second equivalent of organolithium is added, the 
reaction mixture becomes essentially homogeneous. 
RCu + RLi - > R2CuLI (Eq. 1) 
2RLi + CuX — R2CuLi + LiX (Eq. 2) 
Lithium diorganocopper reagents are substantially less basic and less 
nucleophilic than the corresponding organolithium species. The nature of the 
diorganocopper reagent represented as R2CuLi is unclear, the R2CuLi notation itself was 
introduced merely to indicate the stoichiometry of the reaction represented in Eq. 2 and 
was not intended to convey structural information.92 The major organic side product in 
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conjugate addition reactions with R2CuLi reagents is often the symmetrical dimer R-R.93 
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Lipshutz94 reported that the reactions of higher order, mixed organocuprates 
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derived from cuprous cyanide with a,p-unsaturated ketones took place under very mild 
conditions and resulted in good to excellent yields of the corresponding ketones. Mono-, 
di-, and trisubstituted enones all participated in the coupling process. A variety of alkyl, 
vinyl, and aryl ligands were sufficiently transferred at low temperature in diethyl ether 
without competing 1,2-addition to the carbonyl group. 
Following the Lipshutz procedure, Michael addition reaction of enone 48， 
prepared by oxidation of 53 with Dess-Martin periodinane 56，with higher order, mixed 
cuprate, Bu2Cu(CN)Li2 prepared from 2 equivalent of butyllithium and 1 equivalent of 
cuprous cyanide proceeded in diethyl ether at -78^ for 1 h. In the event, although 48 
was indeed amenable to conversion to 57, the yield was only marginally acceptable and 
the results were very complicated. After column chromatography on silica gel eluted 
with hexane/ethyl acetate (50:1), two diastereomers of 57 were obtained in a meager 
27% yield overall from 53 (Scheme 16). 
During the course of this work our attention was drawn to the classical Gilman 
reagent, Bu2CuLiJ for the preparation of 57. Michael addition reaction of enone 48, 
prepared from 53 by oxidation with Dess-Martin periodinane，with Bu2CuLi derived 
from butyllithium and cuprous iodide proceeded in diethyl ether at - 7 8 ^ for 1 h. 
Column chromatography on silica gel with hexane/ethyl acetate (50:1) afforded two 
diastereomers of (5S)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) in 63% overall 
yield from 53 (Scheme 16). Trans-51 was obtained free of its diastereomer by column 
chromatography. The NMR spectrum of trans-Si showed absorptions at 5 4.75-
4.72 ppm as a multiplet for the two gem olefinic protons and 0.87 ppm as a triplet (J = 
6.7 Hz, 3H) for the three methyl protons on the side chain. No absorption of the ct，p-
unsaturated gem olefinic protons was observed. In the 13C NMR spectrum the 
-absorption at 8 211.30 ppm (C) for the carbonyl carbon was observed. The mass 
spectrum demonstrated M+ at mlz 208. , 
In addition, the Michael addition reaction of 48，prepared by oxidation of 53 
with PCC, with Gilman cuprate (Bu2CuLi), or higher order, mixed cuprate 
[Bu2Cu(CN)Li2] were unsatisfactory, the yields of the desired ketone 57 were 30% and 
19%, respectively (Scheme 16). 
By ozonolysis of 57 in dichloromethane and methanol at -78^, followed by 
reductive workup with dimethyl sulfide, the mixture of the two diastereomers of 57 was 
converted to the corresponding diastereomeric diketones of 46a and 46b, which were 
separated by column chromatography on silica gel with hexane/ethyl acetate (10:1) in 
76% and 11% yields, respectively. The NMR and 13C NMR spectra were consistent 
with the structures. The 屯 NMR spectrum of 46a showed the absorption of methyl 
protons adjacent to the carbonyl group at 8 2.19 ppm as a singlet, and the 13C NMR 
spectrum had the resonances of tthe two carbonyl carbons at 8 210.71 (C) and 207.80 
. 5 0 . 
(C) ppm. In the 1H NMR spectrum of 46b, the signal of the methyl protons appeared at 
8 2.19 ppm (3H) as a singlet, and the signal of the two carbonyl carbons appeared at 5 
211.59 (C) and 208.43 (C) ppm in the 13C NMR spectrum. Both of the mass spectra 
hadM+atm/z210. 
A combination of the Barbier-Wieland and Hoehn-Mason procedures has been 
used for the degradation of a methyl ketone to a carboxylic acid in steroid synthesis.95 
Conversion of 3a-acetoxypregnane-11,20-dione into 3a-acetoxy-l 1-ketoetiocholanic 
acid was accomplished96 by the procedure developed by Hoehn and Mason.95 Thus, a 
solution of the methyl ketone in a minimal amount of methanol was treated with an 
excess of benzaldehyde in the presence of sodium methoxide. The benzylidene 
derivative was ozonized, followed by treatment with periodic acid to give the acid in 
86% yield.96 
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Encouraged by these results, we set forth to extend the procedure for the 
conversion of methyl ketone 46 to acid 45 (Scheme 17). According to this method, the 
.methyl ketone was treated with benzaldehyde in methanol catalyzed with sodium 
• 51 
methoxide at room temperature for 48h. Column chromatography on silica gel with 
hexane/ethyl acetate (10:1) afforded an undesired product in 82% with the structure of 
58. The XH NMR analysis showed one group of AB quartet spin system at 8 7.83, 
7.54 ppm (/ = 15.7 Hz, 2H) for the two /wis olefinic protons, a doublet at 8 7.73 ppm 
(/ = 1.6 Hz, 1H) for the proton at carbon-6, a doublet of doublets at 8 7.53 ppm (J = 
7.8，1.6 Hz, 1H) for the proton at carJxm-4, a doublet at 7.23 ppm (/ = 7.8 Hz, 1H) for 
the proton at carbon-3,7.65-7.61 ppm (m, 2H) and 7.42-7.39 ppm (m, 3H) for the five 
monosubstituted aromatic protons, and a broadened singlet at 6.11 ppm (1H) for the 
hydroxyl proton. I 3C NMR spectrum was also in good agreement with the structure 
58, which showed absorptions at 5 190.32 ppm (C) for the carbonyl carbon, 154.46 
(C), 144.72 (CH), 137.26 (C), 135.42 (C), 135.14 (C), 130.44 (C), 130.12 (CH), 
128.93 (2CH), 128.46 (2CH), 122.30 (CH), 121.17 (CH), 115.11 (CH) for the twelve 
aromatic and olefinic carbons. The mass spectrum showed M+ at m/z 294 as base peak. 
It can be seen that the combination of Barbier-Wieland and Hoehn-Mason 
procedures allowed complete control of regioselectivity but provided aromatized 
product. This probably resulted from the base-catalyzed aromatizaton of the 
cyclohexanone ring. In light of this fact, we have attempted another pathway for the 
conversion of 57 to 45 via 59 in which the carbonyl group was protected. Using a 
procedure similar to the conversion of 1& to 14，acid 45 was planned to be obtained by 
ozonolysis of the terminal double bond of 57, followed by oxidative cleavage of the 
resulting methyl ketone by haloform reaction. Ethylene ketal was chosen as the 
protecting group because it should be able to withstand the following synthetic 
transformations yet also is easily removable under very mild conditions that would not 
affect the a-chiral center. 
One of the most widely used methods for the ketalization was to reflux ketone 
with alcohol catalyzed by toluenesulfonic acid,97 The ketone was refluxed with ethylene 
glycol in benzene in the presence of a catalytic amount of TsOH with a Dean-Stark water 
trap for 1 day. After column chromatography on silica gel eluted with hexane/ethyl 
acetate (10:1), the rearranged product, 3-(2-propyl)-6-pentyl-2-cyclohexene-l-one (60) 
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benzene, reflux, 24 h 
57 60 
Similar result was obtained when 57 was subjected to condensation with 
ethylene glycol catalyzed by boron trifluoride etherate in acetic acid98. Under this 
condition, 60 was also obtained as the major product (Scheme 19). The structure was 
established from its ^ and 13C NMR spectraf in which the olefinic proton was 
observed as broadened singlet at 8 5.84 ppm in its lU NMR spectrum, and two singlets 
at 5 1.11 (3H), 1.09 ppm (3H) for the two propyl methyl protons. In the 13C NMR 
spectrum, the absorptions at 8 201.79 ppm (C) for the carbonyl carbon and 169.73 (C), 
123.14 (CH) for the two olefinic carbons also supported the structure of 60. Mass 
spectrum revealed M+ at mlz 208. 
Scheme 19 
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40-50°C, overnight ^JL^ 
57 60 
Destruction of the chiral center occurs probably through double bond migration 
under strong acidic condition. Obviously, the choice of a less acidic catalyst is the key 
issue for the conversion of 5 7 to 5 9 • 
The preparation of the ethylene ketal 59 from 57 with ethylene glycol in the 
presence of selenium dioxide and chloroform diluent" was proved to be completely 
ineffective in bringing about the formation of ketal 5 9. 
The modified ketalization reaction applied to several steroids with oxalic acid or 
adipic acid as catalyst has been reported.100 Ketone 57 was refluxed with ethylene 
glycol in benzene for 1 day in the presence of a catalytic amount of oxalic acid. Water 
separation by a Dean-Stark trap with Drierite in the side arm was used to aid in water 
removal. Conversion of ca. 50% of the starting ketone was observed based on the 
analysis of 也 NMR spectrum of the reaction mixture (Scheme 20) 
Scheme 20 
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Acid sensitive carbonyl compounds undergo some side reactions in the presence 
of protic or Lewis acid. The studies101 indicate that the use of "anhydrous oxalic acid’’ 
appears to satisfy the requiremeiit (an acid catalyst of moderate strength and a water trap) 
for acetal formation. In fact many aldehydes can be converted to acetals using only an 
alcohol, "anhydrous oxalic acid", and cosolvent The reaction proceeds to completion 
usually in less than an hour at ambient temperatures. 
Ketone 57 was treated with ethylene glycol, dry oxalic acid in acetonitrile at 
room temperature for 1 day. Only ca. 50% conversion of the starting ketone was 
observed based on the analysis of ^ NMR spectrum of the reaction mixture (Scheme 
21). 
Scheme 21 
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Sterzycki102 has successfully catalyzed the formation of dioxalane-type acetals 
from ketones using pyridinium tosylate (PPTS). In addition, he found that PPTS also 
catalyzed the cleavage of the cyclic acetals by transacetalization with acetone. Refluxing 
of a 0.04 molar solution of pure (+)-methyl cw-pinonate in benzene in the presence of 20 
mol% of PPTS for 1 h resulted in less than 4% epimerization at C-3 whereas the 
analogous treatment of this compound with j?-toluensulfonic aeid monohydrate led to 
about 34% epimerization and some decomposition. 
54 
Pyridinium tosylate was prepared by standard method103 from pyridine and 77: 
toluenesulfonic acid. Ketone 57 was refluxed with ethylene glycol in benzene catalyzed 
with pyridinium tosylate, and water separation by a Dean-Stark trap with Drierite on the 
side arm was used to aid in water removal until the starting ketone had been almost 
completely consumed (about 1 day) (Scheme 22). This condition was indeed versatile 
thus permitted the convenient conversion of 57 into 59. In this manner, significantly 
improved yield of 59 was obtained. The XH NMR spectrum showed the signals at 5 
3.96-3.93 ppm (4H) as a multiplet for the ketal methylene protons. The 13C NMR 
spectrum had absorptions at 5 108.43 ppm and 65.05, 64.80 ppm for the two ketal 
methylene carbons, and no resonance of carbonyl carbon was observed. The mass 
spectrum had M + at mlz 252. 
Scheme 22 
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The molecule now was properly protected to withstand subsequent 
— transformations. With 59 in hand, the conversion to 61 was brought about by 
ozonolysis. Compound 59 was ozonized in dichloromethane and methanol at -78^ and 
was followed by reductive workup with dimethyl sulfide to provide—methyl ketone 61 as 
an oil. The yield of 61 was 80% overall from 57. The signal of 5 2.14 (s, 3H) in the 
iH NMR spectrum and 8 210.32 ppm (C), 27.69 ppm (CH3) in the 13C NMR spectrum 
indicated the presence of the carbonyl group. Mass spectrum had M+ at mlz 254. 
Iodoform reaction of 61 gave the chiral carboxylic acid 62 in 65% yield, [a]23D 
+26.5° (c 7.1, EtOAc). The signal for the carboxylic carbon in the 13C NMR spectrum 
appeared at 5 181.41 ppm (C). Mass spectrum had M+ atm/z 256. 
Once the acid formation had been accomplished, removal of the ketal protecting 
group was destined to occur prior to manipulation of esterification. The ketal protecting 
group was removed by treatment with catalytic amount of hydrochloric acid in acetone at 
room temperature for 3 h. Column chlomatography on silica gel eluted with ethyl acetate 
55 
afforded keto acid 45 in 85% yield: [a]24D +8.5° (c 2.0，EtOAc). The 13C NMR 
spectrum showed the resonances at 5 210.11 ppm for the carbonyl carbon and 179.07 
ppm for the carboxylic carbon. 
Scheme 23 
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Finally, esterification of acid 45 with 4-hydroxy-4'-heptoxybiphenyl (12) in 
diethyl ether in the presence of DCC and DMAP at room temperature overnight, 
followed by column chromatography on silica gel with hexane/ethyl acetate (10:1) 
yielded the desired optically active liquid crystal 9 in 75% yield, which could be further 
.:.�:_..': j 56 . 
recrystallized from hexane to give colorless crystals. The XH NMR spectrum showed 
two groups of AB quartet spin system at 8 7.54, 7.11 ppm ( /= 8.6 Hz, 4H) and 7.48， 
6.96 ppm (/ = 8.8 Hz, 4H) for the 4,4'-disubstituted biphenyl system. The 13C NMR 
spectrum showed the signal at 8 209.70 ppm (C) for the carbonyl carbon and 172.09 
ppm (C) for the ester carbonyl carbon. 
In order to determine the optical purity of (15,45)-4-pentyl-3-cyclohexanone-1-
carboxylic acid (45), it was converted to (25,55)-2-pentyl-5-hydroxymethyl-l-
cyclohexanone (64) (Scheme 24). The optical purity was determined as 94 % ee by1}! 
NMR spectroscopic method using chiral lanthanide shift reagent Eu(hfc)3 (vide infra). 
(15,,4S)-4-pentyl-3-cyclohexanone-l-carboxylic acid ethylene acetal (62) was 
first reduced to (2S, 55 )-2-pentyl-5-hydroxymethy 1-1-cyclohexanone ethylene acetal 
(63) in quantitative yield with lithium aluminum hydride in diethyl ether at room 
temperature for 1 h, followed by column chromatography on silica gel with hexane/ethyl 
acetate (10:1): [a]23D +12.3° (¢: 6.0, n-C6H14). After that, the ketal protecting group 
was removed by treatment with a catalytic amount of hydrochloric acid in acetone at 
room temperature for 3 h. Column chromatography on silica gel eluted with hexane/ 
ethyl acetate (4:1) —rded (25，5办2-pentyl-5-hydroxymethyl-l-cyclohexanone (64) 
in 90% yield: [a]23D-2.7�(c 4.0, CHC13). 
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II-3. Determination of Enantiomeric Purities of (s)-(-)- and (1^)-(+)-
P e r i l l a l c o h o l s (17 a n d 28) , ( 5 ) - ( - ) - a n d (/?)-( + ) - l - P e n t y l - 4 -
hydroxymethyl-1-cyclohexenes (35 and 36), and (25,55)-2-Pentyl-5-
hy droxymethyl-l-cyclohexanone (64). 
II-3-1. Determination of Enantiomeric Purities of (5)-(-)- and (/?)-(+)-
Perillalcohols (17 and 28). 
The determination of enantiomeric purities of (5)-(-)- and (^>(+)-perillalcohols 
(17 and 28) was achieved by XH NMR analysis using chiral shift reagents. 
c h 2 o h c h 2 o h 
17 28 
Europium (EI) has been used in most shift reagent studies because it results in 
minimal broadening.104 Europium shift reagents generally induce downfield shifts. 
Eu(dcm)3, first introduced by McCreary,105 was found to be particularly useful for a 
wide variety of compounds, and the induced chemical shift nonequivalence of 
enantiomeric resonances was found to be greater than for the other chiral lanthanide shift-
reagents.105,106 
. .:"EU/3 .. 
Eu(dcm)3 
tris(J,df-dicampholylmethanato)europium (III) 
On the basis of the previous studies,104*105'106 our first attempt to determine the 
enantiomeric purities of (5)-(-)--and (/?)-(+)-perillalcohols, (17) and (28), relied on XH 
NMR spectroscopic method using Eu(dcm)3 as chiral lanthanide shift reagent. 
Eu(dcm)3 was added incrementally to the substrate in CDC13 solution, but the resulting 
differences in the chemical shifts of corresponding groups of the enantiomeric 
compounds (called "enantiomeric shift differences" AA8) were not observed. 
It was reported that lower temperature may offer important advantages.105 
Changes in temperature often cause dramatic changes in the amount of shift induced in a 
spectrum. Whitesides105 showed the effect of temperature on 2-methy 1-1 -butanol in the 
presence of Eu(dcm)3 in CS2. Both the amount of shift (AS) and AA6 increased 
substantially as the temperature was lowered. At temperatures above -30^0 the 
enantiomeric purity could not be determined from this sample, but at -60^ it could be 
determined readily. This research indicated that lowering the temperature may be very 
useful in increasing AA8 and can be used successfully for a wide variety of functional 
groups. In several of the cases given,105 enantiomeric purity can be measured only at 
temperatures lower than ambient. 
At high temperatures, the resonances of Eu(dcm)3 resemble those for the shift 
reagent in the absence of substrate, while at low temperature the resonances of Eu(dcm)3 
resemble those for the shift reagent in the presence of a strongly coordinating substrate. 
Since the resonances of Eu(dcm)3 in the presence of a substrate move upfield as the 
temperature is lowered，it is often possible to observe weakly shifted substrate 
resonances that are masked by the resonances of Eu(dcm)3 at ambient temperature. 
It was also reported107 that addition of the europium complex of 3-
heptaflurobutanoyl-(+)-camphor [(4-)-Eu(hfc)3] to racemates of alcohols caused 
separation of NMR signals of the enantiomers. The temperature effect is obvious that 
lowering the temperature will augment the capability of Eu(hfc)3 to differentiate the 
signals of a racemate. Similar temperature effect have been described.108 Utilization of 
low temperature studies can be particularly helpful with chiral additives, since lower 
temperature generally shifts the equilibrium towards the substrate x chiral additive 
complex when a chiral lanthanide shift reagent is used.10^ 
Lowering the temperature influences the magnitude of the pseudocontact shift 
produced by a chiral europium shift reagent in at least four ways: by increasing the 
degree of association between the substrate and the shift reagent, by changing the 
equilibrium populations of the various conformers that almost certainly exist for any 
complex of shift reagent with substrate, by increasing the magnetic susceptibility of the 
shift reagent— substrate complexes present in the magnetically active 7F, and higher 
state, and by decreasing the population of these exited states. 
It is clear that the activity of this experimental procedure as a method of 
increasing the enantiomeric shift differences offers important potential advantages for 
.samples in which association between shift reagent and substrate appears to be small at 
ambient temperature. 
In view of this generalization, we set forth to determine the optical purities of 17 
…59 
and 28 at low temperature; Unfortunately, by lowering the temperature gradually from 
room temperature to the resonances of the two enantiomers also cannot be 
differentiated. This unsatisfactory results were probably due to the fact that the hydroxy! 
group in perillalcohol is far away from the chiral center, so the influence of Eu(dcm)3 
was not sufficient to induce enantiomeric shift differences, because the magnitude of the 
shift perturbation is dependent on the position of atom observed relative to the magnetic 
axes of the paramagnetic center, that is, increasing distance from the chiral center will 
cause decreasing in magnitude.110 
The past decade have seen many important advances in determining enantiomeric 
purities of a soft Lewis acid bases such as an olefin with chiral binuclear metal p-
diketonate complexes. Certain binuclear metal p-diketonate complexes consisting of a 
lanthanide (IH) tetrakis chelate anion with a silver (I) counterion are effective NMR shift 
reagents for olefinic and aromatic substrates. The silver cation is capable of bonding to a 
soft Lewis base such as an olefin while the paramagnetic lanthanide is capable of 
inducing shifts in the NMR spdctrum of the olefin.111，112’113，114 Significant alterations 
are produced in the complex: NMR spectra of terpenes such as a-pinene and p-pinene, 
camphene, and A-3-carene in the presence of these shift reagents.113 In addition, 
through proper choice of a chiral lanthanide chelate and silver p-diketonate, it is possible 
to distinguish certain dextro dead levo resonances of enantiomers.113 
The lanthanide (III)-silver (I) binuclear complexes require the existence of two 
equilibria in order to function as NMR shift reagents for terpenes.112*113 The silver ion 
must be bonded to the lanthanide p-diketonate, and the terpene must be bonded to the 
silver. Addition of a silver (I) p-diketonate to a lanthanide (III) tris p-diketonate in 
solution leads to the formation of a lanthanide (IE) tetrakis chelate anion to which the 
silver is ion paired. 
Ln(p-dik)3 + Ag(p-dik) ^ AgDLri(p-dik)4] (1) 
AgtLn(p-dik)4] + terpene -> (terpene)Ag[Ln(p-dik)4] (2) 
The general approach for differentiating optical isomers of olefins is to use a 
chiral lanthanide tris p-diketonate plus either Ag(fod), Ag(tfa), or Ag(facam).113 Only 
the last of these silver p-diketonate is itself chiral; however, the AgDLn(p-diketonate)4] 
ion pairs formed in situ between a chiral lanthanide chelate and an achiral silver p-
diketonate are optically active and frequently allow one to distinguish between dextro 
and levo enantiomers of olefins. While it should be possible in principle to use an 
achiral lanthanide chelate with Ag(facam), in practice non of the enantiomeric pairs tested 
with this mixture were differentiated.113 
In the study with conventional binuclear achiral shift reagents for terpenes, the 
shifts observed when binuclear complexes with europium as the lanthanide metal were 
used were too small to be of much interpretive value.113 
…60 
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In accordance with the previous studies113 of chiral binuclear complexes as shift 
reagents in NMR determination, we have made an attempt to use chiral binuclear 
complex of Pr(hfc)3 and Ag(fod) for the determination of the optical purities of (5)-(-)-
and (^)-(+)-perillalcohol, (17) and (28). The results obtained is shown in Figure 9. 
The spectra were obtained in CDC13 solutions by using 1:1:2 of 
Pr(hfc)3:Ag(fod):substrate. In spectrum (c), the substrate was a mixture of (5)-(-)- and 
(R)-(+)- enantiomers of perillalcohol enriched in the levo enantiomer. 
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Fig. 9 — !H NMR of 17 and 18 with Ag(fod) and (+)-Pr(hfc)3 in CDC13, 
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Fig. 10 — Expanded-OT2OH NMR absorptions of synthetic 17 
with Ag(fod) and (+)-Pr(hfc)3 in CDC13. 
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Fig. 11 — Expanded -CH2OH NMR absorptions of synthetic 28 
with Ag(fod) and (+)-Pr(hfc)3 in CDC13. 
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Fig. 12 一 Expanded -C//2OH NMR absorptions of commercial 17 
with Ag(fod) and (+)-Pr(hfc)3 in CDC13. 
Nonequivalences of the two methylene protons (Ci/2OH) of both enantiomers 
were observed, and the absorptions of the methylene protons in the pair of enantiomers 
were separated at shifts of - 4 ppm from TMS. The two diastereotopic methylene 
protons of (-)- enantiomer were separated by 0.35 ppm, and those of (+)-enantiomer 
were separated by - 0.1 ppm. Peak areas of the signals were found to correspond to 
optical purities of 88.0% for (-)-enantiomer (Figure 10) and 89.0% for (+)-enantiomer 
(Figure 11)，respectively. The optical purity for commercial (-)-perillalcohol was 
determined as 94.1% (Figure 12). 
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II-3-2. Determination of Enantiomeric Purities of (5)-(-)- and (10-(+)-1-
Pentyl-4-hydroxymethyl-l-cyclohexenes (35 and 36). 
^sHn C 5 H n 
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In l-pentyl-4-hydroxymethyl-l-cyclohexene (35) and (36), the CH2OH group 
— i s adjacent to the chiral center, therefore, it is expected that a chiral lanthanide shift 
reagent would induce large differences in resonance frequencies (AA8) between 
corresponding protons of enantiomers. In general, shifts for protons of close to the 
point of association are larger than those for protons further apart. The oxygen-
containing methylene protons should be closer to the lanthanide metal ion, and should 
therefore experiece the greatest shift. 
We used ( + ) ^ ^ 0 ) 3 1 1 5 as the chiral shift reagent to determine the enantiomeric 
purities of (5)-(-)- and (/^)-(+)-1 -pentyl-4-hydroxymethyl-1 -cyclohexenes, (35) and 
(36)，by adding (+)-Eu(hfc)3 incrementally to the substrate until a chemical shift 
nonequivalence was observed. The spectra were obtained in CDCI3 solutions at room 
temperature. The series of spectra obtained when increasing concentrations of Eu(hfc)3 
were present is shown in Figure 13. The magnitude of induced shift (A8) and the 
magnitude of chemical-shift differences (nonequivalence) for enantiomeric nuclei (AA5) 
depended on the ratio of Eu(hfc)3 to the substrate. At a molar ratio of complex to 
substrate of 0.8, the resonances of the methylene protons (CH2OB) shifted from 8 3.5 
ppm to 5 17-18 ppm (Figure 13). 
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Fig. 13 一 iH NMR showing the influence of incremental addition of (+)-Eu(hfc)3 to 35 and 3 6. 
The diastereotopic protons A and B of (及)-(+)_ enantiomer 36 are differentially 
perturbed which shifted from 5 3.5 ppm to downfield. The nonequivalence of the HA 
and Hb signals reached a maximum when 0.8 equiv. of complex had been added and 
decreased as further complex was added. The maximum investigated appeared as a 
doublet at 5 17.3 ppm and 17.6 ppm separated by 0.3 ppm [Figure 14(c)]. 
In contrast, in (5)-(-)- enantiomer 35, HA and HB maintained the same chemical 
shifts leaving a singlet which was overlapped with one of the protons of (/?)-(+)-
enantiomer 3 6 (HA or HB) [Figure 14(b)]. 
The result obtained by using the same ratio of (+)-Eu(hfc)3 to l-pentyl-4-
hydroxymethyl-1 -cyclohexene in a mixture of (+)- and (-)- enantiomers was shown in 
Figure 14(a). The enhancement of only one of the two resonances of the methylene 
protons (CH2OH) was apparent, and this resonance was assigned to the levo form. 
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Fig. 14 — !H NMR of 35 and36 with (+)-Eu(hfc)3 in CDC13. 
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Fig. 15 一 Expanded-C//2OH NMR absorptions of 36 
with (+)-Eu(hfc)3 in CDC13. 
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Fig . 16 — Expanded-Gi/20H NMR absorptions of 35 
with(+)-Eu(hfc)3 in CDC13. 
Peak areas of the expanded signals were found to correspond to optical purities 
of 82.6% for (及)-(+)• enantiomer 36 (Figure 15) and 76.6% for (5)-(-)- enantiomer 35 
(Figure 16). 




Under normal conditions the equilibrium between the substrate (S) and the chiral 
lanthanide shift reagent (LSR) is rapid on the NMR time scale:106 
ks ^R 
�-S•义LSR 忍 S + 2 义 L S R ^ ^ W-S^-LSR 
Therefore only a single time-averaged spectrum can be obtained from the average of 
complexed and uncomplexed substrate molecules. Rapidly equilibrating complexes are 
formed by an enantiomerically pure chiral LSR (such as d-LSR) binding to each of two 
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enantiomers. These complexes are diastereomeric and can have different averaged 
chemical shifts. This difference in shifts may have at least two causes. First, the 
equilibrium constants (JcR, k s) may be different for diastereomeric complexes, thereby 
causing larger shifts for the complex having the larger binding constant.105 Second, the 
two diastereomeric complexes formed may differ in their geometry, thus causing a 
difference in the induced shift for corresponding signals in the two complexes. 
For an enantiomerically pure sample, there is no way to determine whether or not 
a chiral LSR experiment is successful. Thus if only one set of signals is observed in the 
presence of a chiral LSR, either the sample is optically pure or the signals of the 
enantiomers were not successfully separated. For this reason it is necessary to have a 
sample that is either racemic or only partially resolved to first determine whether the 
chiral LSR does indeed separate the signals of the enantiomers. Similarly, it is also very 
difficult to determine the optical purity of only one enantiomer with high enantiomeric 
excess value in the presence of a chiral LSR. 
By considering the following equilibria, both of which are rapid on the NMR 
scale: 
(RyS.l-bSR^^ (R>S + ^ H W-S^-LSR (a) 
� - S - Z - L S R ^ k r � - S + � - S d - L S R (b) 
It follows from symmetry principles that kRd 二 ksl and kRl 二 ksd. The complexes of 
both pairs of (i?)-substrate®d-LSR and (5)-substrate •^-LSR, (/?)-substrate*/-LSR and 
(5)-substrate® /-LSR are diastereomeric, and the complexes of both pairs of (R)-
substrate®d-LSR and (5)-substrate«/-LSR, and (/?)-substrate*/-LSR and (5)-substrate® 
d-LSR are enantiomeric. Thereby the shift of (i?)-substrate*(i-LSR is the same as that 
of (5)-substrate« /-LSR, and that of (i?)-substrate* /-LSR is the same as that of (S)-
substrate • d-LSR. 
Based on the analysis above, we have made an attempt to use d-Eu(hfc)3 and /-
Eu(hfc)3 for the determination of the optical purity of (25,55)-2-pentyl-5-
hydroxymethyl-l-cyclohexanone (64). The series of spectra shown in Fig. 17 was 
obtained by adding d-Eu(hfc)3 incrementally to the solution of the substrate in CDC13 at 
room temperature. The series of spectra shown in Fig. 18 obtained in CDC13 at room 
temperature when increasing concentrations of /-Eu(hfc)3. By compairing the two series 
of spectra, when the molar ratio of the substrate to the reagent was 2:3，the two 
methylene protons in the complex of (25,55)-substrate« ^-Eu(hfc)3 shifted from 8 3.6 
ppm to -23 ppm maintaining a singlet. Whereas, the resonances of the diastereotopic 
protons (Ha and HB) in the complex of (25,55)-substrate® /-Eu(hfc)3 appeared as a 
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doublet and reached a maximum of -0.8 ppm. Thus, the shift of (2R,5i?)-substrate*^-
LSR was the same as that of (25,5S)-substrate • /-LSR, where the resonance appeared as 
a doublet, one of which was overlapped with the singlet of the methylene protons in the 
complex of (2S,5S)-substrate• d-Eu(hfc)3. The shift of (2R,5i?)-substrate«/-LSR was 
the same as that of (2S ,55)-substrate• d-LSR, and the resonance appeared as a singlet, 
which was overlapped with one of the doublet of the methylene protons in the complex 
of (25,55)-substrate«/-Eu(hfc)3. 
Peak areas of the expanded signals (Fig. 19 and Fig. 20) corresponded to optical 
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Fig. 17 — iH NMR showing the influence of incremental addition of ^Eu(hfc)3 to 64. 
…69 
CjH|| 
r^ J + /-Cu(hfc)3 
CHiOH I 
. . : ‘ U ^ L 
I 
1 . . 似 u o S 
义 
o 、 一 . 
I j 
C3 P W 
Lm_ 
3C.C 2C.a 10.0 o.o 
Fig. 18 — iH NMR showing the influence of incremental addition of /-Eu(hfc)3 to 64. 
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Fig. 19— Expanded-C//2OH NMR absorptions of 64 
with /-Eu(hfc)3 in CDCI3. 
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Fig. 20 — Expanded-C//2OH NMR absorptions of 64 
with 漆 E U _ 3 in CDC13. 
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II.4. Mesomorphic Phases and Transition Temperatures of Chiral Liquid 
Crystalline Compounds 2，3，5，6, 7, 8 and 9. 
The mesomorphic phases and transition temperatures of compounds 2，3，5，6， 
7，8 and 9 have been characterized. The transition temperatures listed in Table 1 were 
determined from DSC (differential scanning calorimeter) measurements (in collaboration 
with Dr. Robert J. Twieg, The IBM Almaden Research Center, USA, and Dr. Huu Tinh 
Nguyen, Centre de Recherche Paul Pascal, France.). 
3 
5，n = 6 
6，n = 7 
7, n = 6 
8，n = 7 
9 
The mesomorphic 1,4-disubstituted cyclohexene with a double bond in the 3-
position (2,3) are characterized by low melting points and wide mesomorphic ranges. 
Compound 2 has a very rich phase behavior, and there is a chiral smectic C phase from 
123.4 to 133^ which is what we were looking for. Unforturnately, thePs is only -0.53 
nC/cm2 when the temperature is 131^. 
Compound 3 was a needle-shaped crystals. Under the examination of a 
polarizing microscope, the solid melted at 66.7^ into a nematic liquid crystal with a 
clearing temperature of 167.91. These transition temperatures are very close to those 
. 7 2 , . 
reported for the corresponding racemic mixture. 
Compounds 5-8 had similar mesomorphic phases and transition temperatures. 
The existence of many smectic phases was apparent. Spontaneous polarization reading 
was taken on cooling. All four compounds (5-8) have Ps ranging from 4 to 10 
nC/cm2. Taking into account the standard deviation of the apparatus (including 
conductivity of these compounds), these compounds have essentially the same P s 
values. 
Compound 9 displayed a high temperature SA phase and a monotropic SB 
phase. It did not exhibit any tilted smectic phases, therefore no spontaneous polarization 
and tilt angle could be measured. 
Table 1. Mesomorphic phases and transition temperatures 
of compounds 2，3，5，6，7，8 and 9. 
Compounds mesomorphic phases and T (Ps) 
transition temperatures 
2 K74 SH 103.1 SG 114.6 SF 123.4 131T 
S c 133 SA 141.6 CH 148.5 I 
3 N 66.7-167.9 I 
5 C 96 C 102 S c 112 CH 157.5 101-113.7^ 
BPI 159.3 BPn 159.41 
6 C 92 C 95 S c 115.2 CH 157.5 93-116^ 
BPI 157.6 BPII(<0.1)1 
7 C96C100 S c l l l C H 1 5 7 101.6-113.5^： 
BPI 157.5 BPn 157.6 I 
8 C 89 C 95.5 S c 117 CH 157.5 96.1-118.5^ 
BPI 157.6 BPn (<0.1) I 
9 C 127 (Sb123) S a 208I 
Investigation of the mesomorphic properties of these compounds showed that the 
appearence of the double bond in the 1st and the 3rd positions of the ring in relation to 
an ester fragment causes a large distortion of the rod-like shape of the molecule. This is 
accompanied by a lowering of the melting point in compounds 2 and 3，and an increase 
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for compounds 5 - 8. 
As stated in the Introduction Section, our foremost interest in the synthesis of 
cyclohexenyl liquid crystals is to prepare optically active compounds with a chiral center 
in the mesogenic core. One of the incentives in preparing the optically active 
cyclohexenecarboxylates was to obtain ferroelectric liquid crystals with high 
spontaneous polarization (Ps), which can be used in surface-stabilized ferroelectric liquid 
crystal displays. The reasoning for this is that the molecular segments about the chiral 
center in the "rigid" core would have more restricted rotation and therefore possibly 
larger average lateral dipole moments. The optically active compound 2 does have a 
S c * phase (Table 1). The specific rotation of this compound is quite large [[a]25D = -
35.17°1 and its tilt angle is quite normal (Fig. 21). Unfortunately, its value of Fs is 
extremely small, being only -0.53 nC/cm2 when the temperature is 131X：. The reason 
for the small Ps is probably that the immediate neighbors of the chiral center are the 
same. 
Figure 22-25 showed the mesomorphic phases of compound 5. Fig. 22 showed 
the smectic C phase. Fig. 23 showed the transition state from smectic C phase to 
cholesteric phase. Fig. 24 showed the process from blue phase I to blue phase H then to 
isotropic liquid. Fig. 25 was taken after the melted compound was allowed to stand at 
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Fig. 21 — Tilt angle of compound 2 
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III. CONCLUSION 
In conclusion, three kinds of chiral liquid crystalline compounds 1-9 have been 
synthesized enantioselectively from naturally occurring monoterpenes. 
Compounds 1 and 2 containing a 1,4-disubstituted cyclohexene ring in the rigid 
core with a double bond in the 3-position were synthesized from commercially available 
(5).(-)-p.pinene (18). Compound 4 containing a 1,4-disubstituted cyclohexene ring in 
the rigid core with a double bond at the 3-position and an oxygen atom in the side chain 
was also synthesized from (5>(-)-p-pinene (18). Compound 3’ the enantiomer of 1， 
was synthesized from commercially available (/?)-(+)-a-pinene (23). 
Another type of chiral liquid crystalline compounds 5，6，7，8 containing a 
1,4-disubstituted cyclohexene ring in the rigid core with a double bond in the 1-position 
were synthesized from (5)-(-)- and (R)-(+)-perillalcohols (17，18)，respectively. 
Compound 9 containing a trans 2,5-disubstituted cyclohexanone ring was 
synthesized from the commercially available (5)-(-)-limonene oxide (49). 
The optical purities of (5)-(-)- and (i?)-(+)-perillalcohol (17 and 28), (5)-(-)-
and (i?)-(+)-1 -pentyl-4-hydroxymethyl-1 -cyclohexene (35 and 36) and (25,55)-2-
pentyl-5-hydroxymethyl-l-cyclohexanone (64) have been determined by % NMR 
analysis using chiral shift reagents. In the conversion from OS)-(-)-p~pinene (18) to 
chiral acid 14 and from (i?)-(+)-a-pinene (23) to chiral acid 33, only the haloform 
reaction could probably influence the a-chiral center under the basic condition. The 
enantiomeric excess percentage values of compounds 17, 28 (88.0% and 89.0%) and 
35，36 (76.6% and 82.6%) showed that in the process of the transformation only 
negligible racemization occurred. 
The mesomorphic phases and transition temperatures of compounds 2，3，5，6’ 
7，8 and 9 have been characterized. Compounds 2, 5, 6, 7, 8 all have very rich phase 
behavior, and there are indeed chiral smectic C phases, but no appreciable spontaneous 
polarization were observed. Compound 3 shows only nematic phase. Our original 
incentive for synthesizing these types of compounds is that the chiral center in the 
mesogenic core may induce a large Ps because of possible reduction in the motional 
averaging of the lateral dipole moment. Obviously, this is not the case. The reason for 
the small Ps is probably the identical nature of the CH2 groups immediately next to the 




All reagents and solvents were reagent grade. Further purification and drying by 
standard methods116 were employed when necessary. Melting and boiling points are 
uncorrected Optical rotations were taken on a AA-1000 Polarimeter and a JASCO DIP-
370 Polarimeter. NMR spectra were recorded on a Bruker Cryospec WM 250 
spectrometer (250MHz for lU and 62.5 MHz for 13C). All NMR measurements were 
carried out at room temperature in chloroform solution, unless otherwise indicated. 
Chemical shifts are reported as parts per million (ppm) in 5 units on the scale downfield 
from tetramethylsilane (TMS) or relative to the resonance of chloroform solvent (7.26 
ppm in the lU, 77.0 ppm for the central line of the triplet in the 13C modes, 
respectively). Coupling constants (J) are reported in hertz (Hz). Splitting patterns are 
described as "s" (singlet); "d" (doublet); "t" (triplet); "q" (quartet); ’’m" (multiplet); and 
farther characterized as "br" (broad), or as appropriate. XH NMR data are reported in 
this order: chemical shifts; multiplicity; coupling constant(s); number(s) of proton. Mass 
spectral (MS) data were obtained on a VG 7070F mass spectrometer, and recorded at an 
ionization energy of 70 eY. In all cases, signals are reported as m/z. Analytical thin-
layer chromatography (TLC) was carried out on commercial E. Merck 60 PF254 silica 
gel plates (Art. 5554). E. Merck 230-400 mesh silica gel (Art. 9385) was used for 
column chromatography. Elemental analyses were performed at Shanghai Institute of 
Organic Chemistry, Academia Sinica, China. 
4-Hydroxy-4'-heptoxybiphenyl (12) 
To a refluxed solution of 4,4'-biphenol (45) (5.6 g, 30 mmol) and 1-
bromoheptane (46) (5.4 g, 30 mmol) in ethanol (60 mL) was added dropwise a solution 
of 10% potassium hydroxide in water (25 mL). After the addition, the reaction mixture 
was allowed to reflux for 2-3 days. The resulting mixture was cooled, and water (200 
mL) was added, the mixture was acidified with 6N hydrochloric acid, extracted with 
diethyl ether (5 x 200 mL), and dried over anhydrous magnesium sulfate. The solvent 
was removed, and the residue was chromatographed over silica gel eluted with 
chloroform to give pure 4-hydroxy-4'-heptoxybiphenyl (12) (3.2 g, 37%): mp 155-156 
XI, iH NMR 5 7.45, 6.94 (AB q， /= 8.3 Hz, 4H), 7.42, 6.88 (AB q, / = 8.6 Hz, 4H), 
3.99 ( t , / = 6.6 Hz, 2H), 1.83-1.77 (m, 2H), 1.44-1.32 (m, 8H), 0.90 (br t，/= 6.6 
Hz, 3H); MS m/z 284 (M+, 25.16). 
4-Hydroxy-4'-octoxybiphenyl (13) 
To a refluxed solution of 4,4'-biphenol (45) (5.6 g, 30 mmol) and 1-
bromooctane (47) (5.8 g, 30 mmol) in ethanol (60 mL) was added dropwise a solution 
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of 10% potassium hydroxide in water (25 mL). After the addition, the reaction mixture 
was allowed to reflux for 2-3 days. The resulting mixture was cooled, and water (200 
mL) was added The mixture was acidified with 6N hydrochloric acid, extracted with 
diethyl ether (5 x 200 mL), and dried over anhydrous magnesium sulfate. The solvent 
was removed, and the residue was chromatographed over silica gel eluted with 
chloroform to give pure 4-hydroxy-4’-octoxybiphenyl (13) (4.0 g, 45%): mp 152-153 
SC, lU NMR 8 7.45, 6.94 (AB q，/= 8.5 Hz, 4H), 7.42，6.88 (AB q，/= 8.7 Hz, 4H), 
3.98 ( t , / = 6.6 Hz, 2H), 1.83-1.77 (m, 2H), 1.44-1.25 (m, 10H), 0.89 (br t，/= 6.6 
Hz, 3H); MS m/z 298 (M+, 31.33). 
(^^-(-hp-Pinene Epoxide (19)58 
To a one liter three-necked flask were charged methanol (400 mL), potassium 
bicarbonate (10 g), benzonitrile (30.6 g, 0.3 mol), (S)-(-)-|3-pinene (18) [42 g, 0.6 mol, 
[a]22D-19.0° (neat)] and finally 30% hydrogen peroxide (68 g, 0.6 mol). The mixture 
was stirred for 24 h in a large water bath at room temperature. The clear solution was 
poured into water (375 mL) and extracted with dichloromethane (3 x 100 mL). The 
combined extracts were washed with water (100 mL), dried over anhydrous magnesium 
sulfate, and concentrated under a 30 cm Vigreaux column on a steam bath to a pot 
temperature of 75 "C. The chilled concentrate was freed of benzamide by filtration and 
the filtrate was further concentrated on a rotary evaporator. The crude product was 
shown by G.C. analysis to consist of unreacted (5)-(-)-p-pinene (18) and (5)-(-)-^ 
pinene epoxide (19). Distillation of this material through a 15 cm Vigreaux column 
gave OS)-(-)-p-pinene epoxide (19) (16 g, 35% based on benzonitrile), which was 
identical in in all aspects with a commercial sample: bp 118 "C (40 mmHg) [lit58 bp 98-
99SC (25 mmHg)]. 
(5).(.)-Perillalcohol (17)59 
To a stirred suspension of ammonium nitrate (3 g, 0.037 mol) in nitromethane 
(160 mL) was added dropwise a solution of (5)-(-)-p-pinene epoxide (19) (45.6 g, 0.3 
mol) in nitromethane (40 mL) in a period of 1 h at 80 After being stirred for a 
further 4 h at the same temperature, nitromethane was removed by distillation under 
reduced pressure leaving behind a red oily residue, which was partitioned between 2% 
aqueous sodium hydroxide (300 mL) and hexane (300 mL). The organic phase was 
separated, and the aqueous phase was extracted with hexane (3 x 100 mL). The 
combined organic layers were washed with brine (50 mL) and dried over anhydrous 
magnesium sulfate. The solvent was removed and the resulting red oil was distilled in 
vacuo to give OSH+perillalcohol (17) (31 g, 68%) as a yellow oil: bp 152 X： (30 
mmHg) [lit59 bp 62°C (9.3 Pa)], which was identical in XH NMR aspect with an 
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sample, [a]D -58.2° (c 1.3, CH3OH). After f u r t h e r purification by column 
chromatography on silica gel with hexane/ethyl acetate (10:1): [a]D -68.0° (c 1.47, 
CH3OH, 88.0% ee); )H NMR 8 5.70 (br s, 2H), 4.72 (br s, 2H), 3.99 (s, 2H), 2.19-
1.83 (m, 6H), 1.74 (s, 3H), 1.56-1.43 (m, 1H); MS mlz 152 (M+, 11.84). 
(S)_(_)-Perillyl Pivalate (20)62 
To a stirred solution of (5)-(-)-perillalcohol (17) (38 g, 0.25 mol) and 
anhydrous pyridine (25 mL, 0.3 mol) in anhydrous diethyl ether (250 mL) was added 
dropwise pivaloyl chloride (45.2 g, 0.38 mol) at The reaction mixture was allowed 
to warm to room temperature and stirred for 4 h. Then the mixture was poured into ice-
water (250 mL), and stirred for a further 1 h. The organic layer was separated, and the 
aqueous layer was extracted with diethyl ether (3 x 250 mL). The combined organic 
layers were washed sequentially with saturated sodium bicarbonate (50 mL) and brine 
(50 mL), dried over anhydrous magnesium sulfate and evaporated. The residue was 
distilled in vacuo to afford (5)-(-)-perillyl pivalate (20) (54 g, 92%) as a colorless oil: 
bp 108 °C (3.5 mmHg); [a]D -55.3° (c 10.0, CHC13); NMR 8 5.74-5.72 (m, 1H), 
4.74-4.72 (m, 2H), 4.45 (br s, 2H), 2.20-1.83 (m, 6H), 1.74 (s, 3H), 1.54-1.44 (m, 
1H), 1.21 (s, 9H); MS mlz 236 (M+，1.99). Anal. Calcd for C15H2402: C, 76.23; H, 
10.23. Found: C, 76.91; H, 10.20. 
(5).(.)-l.PentyI-4-(2-propenyl)-l-cyclohexene (16)61 
The suspension of freshly recrystallized cuprous iodide (5.72 g, 30 mmol) in 
anhydrous diethyl ether (200 mL) was kept at under a nitrogen atmosphere, to 
which was added dropwise a solution of n-butyllithium (1.4 M, 40 mL, 55 mmol) in 
hexane with stirring. After 10 min, the mixture was chilled to and a solution of 
(5).(.).perillyl pivalate (20) (1.18 g, 5 mmol) in anhydrous diethyl ether (10 mL) was 
introduced. After being stirred at the same temperature for 2 h, the reaction mixture was 
quenched with 2N aqueous hydrochloric acid (100 mL) and the undissolved residue was 
removed by suction filtration. The organic layer was separated, and the aqueous layer 
was extracted with diethyl ether (3 x 100 mL). The combined organic layers were 
washed with brine (50 mL), dried over anhydrous magnesium sulfate and concentrated. 
Purification by column chromatography on silica gel eluted with hexane afforded (5)-(-)-
l-pentyl-4-(2-propenyl)-l-cyclohexene (16) (720 mg, 75%) as a colorless oil: [a]D -
68.8° (c 10.5, CHCI3); NMR 5 5.40 (br s，lH)，4.70 (br s, 2H), 2.20-1.75 (m, 8H), 
1.73 (s, 3H), 1.55-1.23 (m, 7H), 0.89 (br t, J = 6.9 Hz, 3H); MS mlz 192 (M+, 
10.54); HRMS calcd for C14H24 192.1878, found 192.1874. Anal. Calcd for C ^ H ^ : 
C, 87.42; H, 12.58. Found: C, 87.38; H, 12.83. 
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2-epoxide (21)64 
To a stirred solution of (S)-(-)-l-pentyl-4-(2-propenyl)-l-cyclohexene (16) 
(1.92 g, 10 mmol) in chloroform (50 mL) containing a catalytic amount of 
methyltrioctylammonium chloride (MTOAC) was added a solution of magnesium 
monoperoxyphthaHc acid (MMPP) (85%, 5.82 g, 10 mmol) in water (50 mL) over 1 h 
at 50^ . The mixture was stirred for a further 4 h at the same temperature. The organic 
layer was separated，and the aqueous layer was extracted with chloroform (3 x 50 mL). 
The combined organic layers were washed with aqueous sodium bicarbonate (50 mL), 
dried over anhydrous magnesium sulfate and evaporated. The crude oil was purified by 
column chromatography on neutral grade HI alumina. Elution with hexane afforded (S)-
(-)-l-pentyl-4-(2-propenyl)-cyclohexane-l,2-epoxide (21) (1.2 g, 58%) as a colorless 
oil consisting of a mixture of two diastereomers which was used in the next reaction 
without further separation: [a]D -44.7° (c 8.0, CHC13); NMR 8 (two diastereomers) 
4.72, 4.67 (br s, br s, 2H), 3.04, 2.99, 2.97 (br s, br s, br s, 1H), 1.69，1.67 (s, s, 
3H), 2.20-1.27 (m, 15H), 0.89 (br t , / = 6.7 Hz, 3H); MS m/z 208 (M+, 2.91); HRMS 
calcd for C14H240: 208.1827，found 208.1832. Anal. Calcd for C^H^O: C, 80.71; 
H, 11.61. Found: C, 80.46; H, 11.91. 
(5)-(-)-l-Pentyl-4-acetyl-l-cyclohexene (15)65,66 
A solution of (5)-(-)-l-pentyl-4-(2-propenyl)-cyclohexane-l,2-epoxide (21) 
(1.04 g, 5.0 mmol) in dichloromethane (50 mL) was cooled to -78X： while ozone was 
passed through the solution via a gas dispersion tube until the solution became blue in 
color. After that, nitrogen was passed through the solution for 15 min. Then the 
solution was added to a suspension of zinc dust (1.86 g, 28.6 mmol), sodium acetate 
(0.43 g, 5.2 mmol) and sodium iodide (1.27 g, 8.5 mmol) in glacial acetic acid (3 mL) 
at 0 ^ , and the mixture was allowed to warm slowly to room temperature and stirred 
overnight at that temperature. The zinc dust was removed by filtration and washed with 
dichloromethane (50 mL). The combined filtrates were washed successively with 
aqueous sodium fciicarbonate (20 mL), brine (10 mL), and dried over anhydrous 
magnesium sulfate. Evaporation of the solvent gave a colorless oil which was purified 
by column chromatography with hexane/ethyl acetate (50:1) to furnish (S)-(-)-l-pentyl-
4-acetyl-cyclohexene (15) (600 mg, 62%): [a]D -66.0° (c 11.0，CHC13); XH NMR 8 
5.39 (br s，1H), 259-2.49 (m, 1H), 2.20-2.10 (m, 2H), 2.05-1.90 (m, 5H), 2.17 (s, 
3H), 1.66-1.49 (m, 1H), 1.44-1.19 (m, 6H), 0.88 (br t , / = 6.9 Hz, 3H); 13C NMR 8 
210.40，137.01，117.78，46.63, 36.49, 30.61，26.92, 26.80, 26.42, 26.17，24.12， 
21.54, 12.96; MS m/z 194 (M+, 23.89). Anal. Calcd for C1 3H2 20: C, 80.35; H, 
11,41. Found: C, 80.42; H, 11.56. 
(5)-(.)-4-Pentyl-3-cyclohexene-l-carboxylic Acid (14)67 
…81 
To a well stinred solution of (S)-(-)-l-pentyl-4-acetylcyclohexene (15) (1.94 g, 
10 mmol) in dioxane (40 mL) and 10% aqueous sodium hydroxide (10 mL) was added 
dropwise a solution of iodine-potassium iodide-water (1:2:1) at room temperature until 
the color of iodine persisted. The mixture was stirred for an additional 1 h at room 
temperature, then warmed to 60 V and stirred for a further 1 hat that temperature. After 
that, the reaction mixture was cooled to room temperature and quenched by addition of 
aqueous Na2S205, and then acidified with hydrochloric acid and extracted with diethyl 
ether (3 x 50 mL). The organic layer was washed with brine (10 mL) and dried over 
anhydrous magnesium sulfate. Upon evaporation of the solvent, the remaining oil was 
chromatographed on silica gel with hexane/ethyl acetate (4:1) to afford (5)-(-)-4-pentyl-
3-cyclohexene-l-carboxylic acid (14) as a viscous oil (1.27 g, 65%). The optical purity 
was found to be 76.6% ee by conversion to the corresponding alcohol 35 and analysis 
by NMR spectra with Eu(hfc)3： [a]D -56.7° (c 4.2，CHC13); XH NMR 5 5.38 (br s， 
1H), 2.60-2.49 (m, 1H), 2.30-2.20 (m, 2H), 2.10-L90 (m, 5H), 1.79-1.61 (m, 1H), 
1.44-1.16 (m, 6H), 0.88 (br t , / = 6.9 Hz, 3H); 1 3CNMR8 181.27’ 137.92, 118.53, 
39.35, 37.50, 31.58，27.53 (2), 27.36, 25.41, 22.53, 13.96; MS mlz 196 (M+’ 
32.65); HRMS calcd for C12H20O2 196.1463, found 196.1463. Anal. Calcd for 
c12h20°2: c，73.43; H, 10.27. Found: C, 73.51; H, 9.96. 
(S )-(-)-Methyl 4-Pentyl-3-cyclohexene-l-carboxylate (22) 
(5).(.)_4-Pentyl-3-cyclohexene-l-carboxylic acid (14) (98 mg, 0.5 mmol) was 
dissolved in diethyl ether (20 mL) and treated with an ethereal solution of diazomethane 
until the yellow color persisted. The solvent was removed, and column chromatography 
on silica gel with hexane/ethyl acetate (10:1) afforded (5)-(-)-methyl 4-penty 1-3-, 
cyclohexene- 1-carboxylate (22) as an oil in quantitative yield: l I i NMR 8 5.37 (br s, 
1H), 3.68 (s, 3H), 2.52-2.45 (m, 1H), 2.24 (m, 2H), 1.99-1.90 (m, 5H), 1.77-1.64 
(m, 1H), 1.44-1.22 (m, 6H), 0.88 (br t , / = 6.8 Hz, 3H); MS m/z 210 (M+, 13.04). 
Anal. Calcd for C13H22G2: C, 74.24; H, 10.54. Found: C, 74.44; H, 9.94. 
(5).(-).4 ,.(4"-cyanobiphenyl) 4-Pentyl-3-cyclohexene-l-carboxylate (1) 
A solution of (5)-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14) (196 mg, 
1.0 mmol), 4-hydroxy-4'-cyanobiphenyl (11) (195 mg, 1.0 mmol), N’N�-
dicyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (12.2 mg, 0.1 mmol) was stirred at room 
temperature overnight The reaction mixture was filtered and the filtrate was evaporated 
in vacuo. The residue was chromatographed on silica gel with hexane/ethyl acetate 
(10:1) as an eluent and was further purified by recrystallization from hexane to afford 
(5)-(-)-4,-(4,,-cyanobiphenyl) 4-pentyl-3-cyclohexene-1 -carboxylate (1) (213 mg, 
57%): mp 65-66¾ [a]22D -42.8�(c 2.72, CHC13); NMR 8 7.72, 7.66 (AB q , / = 
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8.5 Hz, 4H), 7.59, 7.20 (AB q, / = 8.6 Hz, 4H), 5.44 (br s, 1H), 2.81-2.74 (m, IH), 
2.50-2.40 (m, 2H), 2.22-2.09 (m, 3H), 2.00-1.81 (m, 3H), 1.47-1.23 (m, 6H), 0.90 
(br t, / = 6.85 Hz, 3H); 13C NMR 8 174.23 (C), 151.57 (C), 144.90 (C), 138.02 (C), 
136.73 (C), 132.62 (CH), 128.25 (CH), 127.68 (CH), 122.29 (CH), 118.72 (C), 
118.41 (CH), 111.22 (C), 39.72 (CH), 37.50 (CH2), 31.58 (CH2), 27.69 (CH2), 
27.51 (CH2), 27.38 (CH2), 25.56 (CH2), 22.54 (CH2), 13.99 (CH3); MS mlz 373 
(M+, 1.53). Anal. Calcd for C2 5H2 702N: C, 80.40; H, 7.30; N, 3.75. Found: 
C,80.20; H, 7.22; N, 3.63. 
(5)-( .)-4'-(4 , f-Octoxybiphenyl) 4-Pentyl-3-cyclohexene-l-carboxylate 
(2) 
A solution of (5')-(-)-4-pentyl-3-cyclohexene-l-carboxylic acid (14) (418 mg, 
2.13 mmol), 4-hydroxy-4'-octoxybiphenyl (13) (686 mg, 2.3 mmol), N , N � 
dicyclohexylcarbodiimide (DCC) (433 mg, 2.13 mmol) and 4-pyrrolidinopyridine (31 
mg, 0.21 mmol) in diethyl ether (20 mL) was stirred at room temperature overnight 
The resulting iV^'-dicyclohexylurea was filtered and the filtrate was washed with water 
(3 x 10 mL), 5% acetic acid solution (3 x 10 mL), again with water (3 x 10 mL), and 
dried over anhydrous magnesium sulfate. The solvent was evaporated to give the crude 
product. (5)-(-)-4'-(4,,-octoxybiphenyl) 4-pentyl-3-cyclohexene-l-carboxylate (2) was 
obtained by flash column chromatography on silica gel eluted with toluene/hexane (2:3) 
(620 mg, 63%): mp 148 X： (n-hexane); [a]23D -35.2° (c 2, CHC13); NMR 8 8.94， 
8.44 (AB q , / = 8.42 Hz, 4H), 8.88, 8.26 (AB q , / = 8.74 Hz, 4H), 5.35 (br s, IH), 
3.92 (t, / = 6.62 Hz, 2H), 2.8-2.6 (m, IH), 2.4-2.3 (m，2H), 2.05-2.15 (m, IH), 
2.00-2.05 (m, 2H), 1.95-1.85 (m, 2H), 1.85-1.65 (m, 3H), 1.45-1.10 (m, 9H), 0.82 
(br t , / = 6.6 Hz, 3H); 13C NMR 8 174.52, 158.78, 149.82，138.52, 137.89, 132.77, 
128.05, 127.50, 121.69, 118.44, 114.82，68.13，39.63, 37.50, 31.81, 31.55, 29.36, 
29.30, 29.23，27.66, 27.49，27.33, 26.06, 25.53, 22.64, 22.56, 14.06，14.05; MS 
mlz 477 (M++1，4.2)，476 (M+ , 13.7), 298 (100); HRMS calcd for C 3 2 H 4 4 0 3 
476.3290，found 476.3326. Anal. Calcd for C32H44O3： C, 80.63; H, 9.30. Found: C, 
80.55; H, 9.33. .......� 
(5)-(-)-l-Pentyl-4-hydroxymethyl-l-cyclohexene (35) 
To a stirred suspension of lithium aluminum hydride (34 mg, 0.9 mmol, 80% 
excess) in anhydrous diethyl ether (5 mL) was added dropwise a solution of (5)-(-)-4-
pentyl-3-cyclohexene-l-carboxylic acid (14) (98 mg, 0.5 mmol) in anhydrous diethyl 
ether (5 mL) at room temperature. The mixture was stirred for lh, then the excess 
lithium aluminum hydride was destroyed by the addition of water and dilute 
hydrochloric iacid. The ether layer was washed with dilute sodium bicarbonate (5 mL), 
dried over anhydrous magnesium sulfate, and concentrated under reduced pressure. 
Column chromatography on silica gel with hexane/ethyl acetate (10:1) gave (5)-(-)-1-
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pentyl-4-hydroxymethyl-l-cyclohexene (35) as an oil in quantitative yield: [ a ] ^ -
59.80 (c 1.0, CHC13> 76.6% ee); l R NMR 8 5.37 (br s, 1H), 3.53 (br s, 2H), 1.98-
1.22 (m, 15H), 0.88 (br t , / = 6.9 Hz), 3H); MS m/z 182 (M+, 9.01). Anal. Calcd for 
C12H220: C, 79.06; H, 12.16. Found: C, 79.31; H, 11.80. 
Conversion of (及)-(+)-a-Pinene (23) to (/?)-(+)-p-Pinene (26)57 
All glassware was dried at 150 for at least 5 h, and all reactions were carried 
out under nitrogen atmosphere. To a stirred suspension of n-BuLi (1.4 M, 180 mL, 250 
mmol) in hexane and f-BuOK (28g, 250 mmol) was added (i?)-(+)-a-pinene (23) 
(27.2g, 200 mmol, [a]D +39.1° (neat), Aldrich P4,568-0) slowly at -78 C. After the 
addition was completed, the reaction mixture was warmed slowly to room temperature 
and stirred at that temperature for 48 h. The reaction mixture was then cooled to -78 C, 
and trimethyl borate (67g, 650mmol) in anhydrous diethyl ether (50 mL) was added 
slowly with efficient stirring.�Then the mixture was slowly warmed to room 
temperature and stirred for 1 h. Hydrolysis was achieved by adding 10% hydrochloric 
acid (100 mL) and stirred for 1 h, or water (100 mL) and stirred for 3 h. The organic 
layer was separated, and the aqueous layer was extracted with hexane (3 x 50 mL). The 
combined organic layers were washed with brine (50 mL), dried over anhydrous 
magnesium sulfate, and eoncentrated. The residue was distilled under reduced pressure 
to furnish (及)-(+)爷pinene (26) (17.1 g, 63%): bp 87T (40 mmHg) [lit57 bp 5 5 ^ (12 
mmHg)]; [a]D +19.4° (neat, 85% ee). The l R NMR spectrum of synthetic 
pinene (26) was in complete agreement with the 也 NMR spectrum of the natural (5)-(-
)-p-pinene (18). 
(2^).(+).p-Pinene Epoxide (27)58 
To a one liter three-necked flask were charged methanol (400 mL), potassium 
bicarbonate (10 g), benzonitrile (30.6 g, 0.3 mol), (/?)-(+)-p-pinene (26) [42 g, 0.6 
mol, [a]22D +19.4° (neat)] and finally 30% hydrogen peroxide (68 g, 0.6 mol). The 
mixture was stirred for 24 h in a large water bath at room temperature. The clear 
solution was poured into water (375 mL) and extracted with dichloromethane (3 x 100 
mL). The combined extracts were washed with water (100 mL), dried over anhydrous 
magnesium sulfate, and concentrated under a 30 cm Vigreaux column on a steam bath to 
a pot temperature of 75 "C. The chilled concentrate was freed of benzamide by filtration 
and the filtrate was further concentrated on a rotary evaporator. The crude product was 
shown by G.C. analysis to consist of unreacted (3-pinene and p-pinene epoxide. 
Distillation through a 15 cm Vigreaux column gave (+)-p-pinene epoxide (27) (16 g, 
35% yield based on benzonitrile): bp 112-114 SC (37 mmHg) [lit58 bp 98-99^ (25 
mmHg)], which was found identical in all aspects with an authentic sample. 
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CRM+)-Perillalcohol (28)59 
To a stirred suspension of ammonium nitrate (3 g, 37 mmol) in nitromethane 
(160 mL) was added a solution of (5)-(-)-p-pinene epoxide (27) (45.6 g, 0.3 mol) in 
nitromethane (40 mL) in a period of 1 h at 80 'C. After being stirred for a further 4 hat 
the same temperature, nitromethane was removed by distillation under reduced pressure 
leaving behind a red oily residue, which was partitioned between 2% aqueous sodium 
hydroxide (300 mL) and hexane (300 mL). The organic phase was separated, and the 
aqueous phase was extracted with hexane (3 x 100 mL). The combined organic layers 
were washed with brine (50 mL) and dried over anhydrous magnesium sulfate. The 
solvent was removed and the resulting red oil was purified by column chromatography 
on silica gel eluted with hexane/ ethyl acetate (10:1) to give (i?)-(+)-perillalcohol (28) 
(29.6 g, 65%) as a yellow oil, which was identical in all aspects with an authentic 
sample: [a]D +52.00 (c 1.76，CH3OH, 89.0% ee); lU NMR 5 5.71 (br s, 1H), 4.72 (br 
s, 2H), 4.00 (s, 2H), 2.20-1.83 (m, 6H), 1.74 (s, 3H), 1.56-1.48 (m, 1H); MS m/z 
152 (M+, 10.43). 
(iR)-(+)-Perillyl Pivalate (29)62 
Pivaloyl chloride (45.2 g, 0.38 mol) was added dropwise to a stirred solution of 
(i?)-(+)-perillalcohol 28 (38 g, 0.25 mol) in anhydrous diethyl ether (250 mL) 
containing anhydrous pyridine (25 mL, 0.3 mol) at 0 ^ . The mixture was allowed to 
warm to room temperature and stirred for 24 h. Ice chips were added, and the mixture 
was stirred for 1 h. The organic layer was separated and the aqueous layer was 
extracted with diethyl ether (3 x 250 mL). The combined organic layers were washed 
with saturated sodium bicarbonate (50 mL) and brine (50 mL), dried over anhydrous 
magnesium sulfate and evaporated. The residue was purified by column 
chromatography on silica gel eluted with hexane/ethyl acetate (20:1) to afford (^)-(+)-
periUyl pivalate (29) (52.7 g，90%) as a colorless oil: [a]D +54.00 (c 7.24，CHC13); 
NMR 5 5.74-5.72 (m, 1H), 4.73-4.72 (m, 2H), 4.45 (br s, 2H), 2.20-1.82 (m, 6H), 
1.74 (s, 3H), 1.53-1.44 (m, 1H), 1.21 (s, 9H); MS m/z 236 (M+, 2.16). HRMS calcd 
for C14H2402 236.3573, found 236.3578. 
(l?)-(+)-l-Pentyl-4-(2-propenyl)-l-cyclohexene (30)61 
A solution of w-butyllithium (1.4 M, 40 mL, 55 mmol) in hexane was added 
with stirring to a suspension of freshly recrystallized cuprous iodide (5.72 g, 30 mmol) 
in anhydrous diethyl ether (200 mL) at CTC under a nitrogen atmosphere. After 10 min, 
the mixture was chilled to -40^ and a solution of (/?)-(4-)-perillyl pivalate (29) (1.18 g, 
5 mmol) in dry diethyl ether (10 mL) was introduced. The reaction was monitored by 
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TLG. Upon completion (about 2 h), the reaction mixture was acidified with 2N aqueous 
hydrochloric acid (100 mL). The organic layer was separated, and the aqueous layer 
was extracted with diethyl ether (3 x 100 mL). The combined organic layers were 
washed with brine (50 mL), dried over anhydrous magnesium sulfate and concentrated. 
The crude product was purified by column chromatography on silica gel eluted with 
hexane to give (^)-(+)-l-pentyl-4-(2-propenyl)-l-cyclohexene (30) (749 mg, 78%) as a 
colorless oil: [a]D +55.20 (c 3.1, CHC13); NMR 8 5.40 (br s, 1H), 4.70 (br s, 2H), 
2.20-1.76 (m，8H), 1.73 (s, 3H), 1.54-1.22 (m, 7H), 0.89 (br t, J = 6.9 Hz, 3H); 
HRMS calcd for C14H24 192.1878，found 192.1877. Anal. Calcd for C ^ H ^ : C, 
87.42; H, 12.58. Found: C, 87.32; H,12.64. 
(jR)-(+)-l-Pentyl-4-(2-propenyl)-cyclohexane-l,2-epoxide (31)64 
A solution of magnesium monoperoxyphthalic acid (MMPP) (85%, 5.82 g, 10 
mmol) in water (50 mL) was added over 1 h toa stirred solution of 1.92 g (lO mmol) of 
CR)-(+)-l-pentyl-4-(2-propenyl)-l-cyclohexene (30) (1.92 g, 10 mmol) in chloroform 
(50 mL) containing a catalytic amount of methyltrioctylammonium chloride (MTOAC) at 
and stirred for a further 4 h. The organic layer was separated，and the aqueous 
layer was extracted with chloroform (3 x 50 mL). The combined organic layers were 
washed with aqueous sodium bicarbonate (50 mL), dried over anhydrous magnesium 
sulfate and evaporated. The crude oil was purified by column chromatography on 
neutral grade III alumina. Elution with hexane afforded (i?)-(+)-l-pentyl-4-(2-
propenyl)-cyclohexane-l^-epoxide (31) (1.4 g, 60%) as a colorless oil consisting of 
two diastereomers which was used in the next reaction without further separation: [a]D 
+42.3° (c 4.0，CHC13); lU NMR 5 (two diastereomers) 4.72，4.67 (br s, br s, 2H), 
3.04, 299，2.97 (br s, br s, br s，lH),—1.69, 1.67 (s, s, 3H), 2.20-1.27 (m, 15H), 0.89 
(br t , / = 6.8 Hz, 3H); HRMS calcd for C1 4H2 40 208.1827，found 208.1832. Anal. 
Calcd for C14H240: C, 80.71; H, 11.61. Found: C, 80.56; H, 11.80. 
(jR)-(+)-l-Pentyl-4-acetyI-cyclohexene (32)65^6 
A solution of (R)-(+)-l-pentyl-4-(2-propenyl)-cyclohexane-1,2-epoxide (31) 
(1.04 g, 5.0 mmol) in dichloromethane (50 mL) was cooled to -78^ and ozone was 
passed through the solution until a persistent blue color appeared. Upon completion, 
nitrogen was passed through the solution for 15 min. Then the solution was added to a 
suspension of zinc dust (1.86 g, 28.6 mmol), sodium acetate (0.43 g, 5.2 mmol) and 
sodium iodide (1.27 g, 8.5 mmol) in glacial acetic acid (3 mL) at OX!, and the mixture 
was stirred overnight at room temperature. The zinc dust was removed by filtration and 
washed with dichloromethane (50 mL). The combined filtrates were washed with 
aqueous sodium bicarbonate (20 mL) and brine (10 mL), dried over anhydrous 
magnesium sulfate. Evaporation of the extract gave a colorless oil which was purified 
by column chromatography with hexane/ethyl acetate (50:1) to furnish (及)-(+)-l-pentyl-
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4-acetyl-cyclohexene (32) (629 mg, 65%) as a colorless oil: [a]D +66.50 (c 11.5, 
CHC13); iH NMR 5 5.39 (br s, 1H), 2.59-2.49 (m, 1H), 2.20-2.10 (m, 2H), 2.17 (s, 
3H), 2.05-1.90 (m, 5H), 1.66-1.49 (m, 1H), 1.44-1.19 (m, 6H), 0.88 (br t, / = 
6.9Hz, 3H); 13C NMR 5 210.80，137.57, 118.53，47.25, 37.22, 31.33，27.62，27.42， 
27.11，26.86，24.82，22.26, 13.68; MS mlz 194 (M+, 29.58). Anal. Calcd for 
C1 3H2 20: C, 80.35; H, 11.41. Found: C, 80.02; H, 11.62. 
(J?)-(+)-4-Pentyl-3-cyclohexene-l-carboxylic Acid (33)67 
To a well stirred solution of (R)-(+)-l-pentyl-4-acetylcyclohexene (32) (1.94 g, 
10 mmol) in dioxane (40 mL) and 10% aqueous sodium hydroxide (10 mL) was added 
dropwise a solution of iodine-potassium iodide-water (1:2:1) at room temperature until 
the color of iodine persisted. The mixture was stirred for an additional 1 h at room 
temperature, then warmed to 60 'C and stirred for a further 1 h at that temperature. After 
that, the reaction mixture was cooled to room temperature and quenched by addition of 
aqueous Na2S205, and then acidified with hydrochloric acid and extracted with diethyl 
ether (3 x 100 mL). The organic layer was washed with brine (10 mL) and dried over 
anhydrous magnesium sulfate. Upon evaporation of the solvent an oil remained which 
was chromatographed over silica gel with hexane/ethyl acetate (4:1) to furnish (i?)-(+)-4-
pentyl-3-cyclohexene-l-carboxyUc acid (33) (1.31 g, 67%). The optical purity was 
found to be 82.6% ee by conversion to the corresponding alcohol (36) and analysis by 
lH NMR spectra with Eu(hfc)3: mp 65-66¾ [a]D +52.10 (c 8.2 rCHa3) ; XH NMR 8 
5.38 (br s, 1H), 2.60-2.48 (m, 1H), 2.30-2.20 (m, 2H), 2.10-1.90 (m, 5H), 1.79-1.61 
(m, 1H), 1.44-1.16 (m, 6H), 0.88 (br t, / = 6.9 Hz, 3H); 13C NMR 5 182.24, 137.57, 
118.35, 39.21, 37.33, 31.42, 27.30 (2)，27.16, 25.16, 22.39, 13.80; HRMS calcd for 
c12h20°2 196.1463，found 196.1457. Anal. Calcd for C12H20O2: G, 73.43; H, 
10.27. Found: C, 72.97; H, 10.09. 
(i?)-(+)-Methyl 4-Pentyl-3-cyclohexene-l-carboxylate (34) 
(^)-(+)-4-Pentyl-3-cyclohexene-l-carboxylic acid (33) (98 mg, 0.5 mmol) was 
dissolved in diethyl ether (20 mL) and treated with an ethereal solution of diazomethane 
until the yellow color persisted The solvent was removed, and column chromatography 
on silica gel with hexane/ethyl acetate (10:1) afforded (及)-(+)-methyl 4-pentyl-3-
cyclohexene-l-carboxylate (34) as an oil in quantitative yield, XH NMR 5 5.37 (br s, 
1H), 3.68 (s, 3H), 2.52-2.44 (m, 1H), 2.24 (m, 2H), 2.01-1.90 (m, 5H), 1.73-1.62 
(m, 1H), 1.44-1.16 (m, 6H), 0.88 (br t , / = 6.9 Hz, 3H); MS mlz 210 (M+, 16.13). 
Anal. Calcd for C13H22p2: C, 74.24; H, 10.54. Found: C, 74.37; H, 10.62. 
(i?)-(+)-4,-(4ll-cyanobiphenyl) 4-Pentyl-3-cyclohexene-l-carboxylate (3) 
A solution of (R)-(+)-4-pentyl-3-cyclohexene-1 -carboxylic acid (33) (196 mg, 
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1.0 mmol), 4-hydroxy-4'-cyariobiphenyl (11) (195 mg, 1.0 mmol), N，N� 
dicyclohexylcarbcwiiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (12.2 g, 0.1 mmol) was allowed to stir at 
room temperature overnight. The reaction mixture was filtered and the filtrate was 
evaporated in vacuo. The crude product was purified by flash column chromatography 
on silica gel with hexane/ethyl acetate (10:1) as an eluent, which was further 
recrystallized from hexane to afford (i?)-(+)-4'(4M-cyanobiphenyl) 4-pentyl-3-
cyclohexene-l-carboxylate (3) (276 mg, 74%): [a]22D +41.3° (c 2.0，CHC13); 
NMR5 7.71, 7.65 (AB q, J= 8.5 Hz, 4H), 7.58，7.19 (AB q , / = 8.6 Hz, 4H), 5.44 
(br s, 1H), 2.81-2.73 (m, 1H), 2.50-2.40 (m, 2H), 2.22-2.09 (m, 3H), 2.00-1.78 (m, 
3H), 1.47-1.18 (m, 6H), 0.90 (br t , / = 6.8 Hz, 3H); 13C NMR 5 174.13 (C), 151.53 
(C), 144.80 (C), 137.95 (C), 136.63 (C), 132.54 (CH), 128.18 (CH), 127.61 (CH), 
122.22 (CH), 118.64 (C), 118.36 (CH), 111.15 (C), 39.66 (CH), 37.44 (CH), 31.52 
(CH2), 27.63 (CH2), 27.45 (CH2), 27.32 (CH^, 25.50 (CH^, 22.47 (CH2), 13.92 
(CH3); MS m/z 373 (M+，3.50). Anal. Calcd for C ^ H ^ q N : C, 80.40; H, 7.30; N, 
3.75. Found: C, 80.20; H, 7.28; N, 3.71. 
(JR)-(+)-l-Pentyl-4-hydroxymethyl-l-cyclohexene (36) 
A solution of (R)-(+)-4-pentyl-3-cyclohexene carboxylic acid (33) (98 mg, 0.5 
mmol) in anhydrous diethyl ether (5 mL) was added to a stirred suspension of lithium 
aluminum hydride (34 mg, 0.9 mmol, 80% excess) in anhydrous diethyl ether (5 mL) at 
room temperature. The mixture was stirred for lh, then the excess lithium aluminum 
hydride was destroyed by addition of water and dilute hydrochloric acid. The ether layer 
was washed with dilute sodium bicarbonate (5 mL), dried over anhydrous magnesium 
sulfate. Column chromatography on silica gel with hexane/ethyl acetate (10:1) gave (5)-
(-)-l-pentyl-4-hydroxymethyl- 1-cyclohexene (36) as an oil in quantitative yield: [ a ] 2 ^ 
+46.6°(c, 0.74, CHC13> 82.6% ee); ^ HNMR 5 5.37 (br s, 1H), 3.54 (br s, 2H), 1.96-
1.22 (m, 15H), 0.88 (br t , / = 6.9 Hz, 3H); MS m/z 182 (M+, 16.63). Anal. Calcd for 
C12H220: C, 79.06; H, 12.16. Found: C, 79.45; H, 11.56. 
(4S)-(-)-Perillyl Butyl Ether (37)82 
To a stirred slurry of sodium hydride (4.4 g, 100 mmol, 85% dispersion in oil) 
in dry tetrahydrofuran (60 mL) at 45-50^ under nitrogen atmosphere was added a 
solution of n-butyl bromide (16.4 g, 13 mL, 120 mmol) in anhydrous tetrahydrofuran 
(20 mL), followed by the dropwise addition of a solution of (5)-(-)-perillalcohol (17) 
(12.2 g, 80 mmol) in anhydrous tetrahydrofuran (20 mL). After refluxing for a further 
10 h, the reaction mixture was cooled and hydrolyzed by dropwise addition of sufficient 
water to dissolve any precipitate. The aqueous layer was separated and extracted with 
diethyl ether (3 x 250 mL). The combined organic extracts were washed with brine (50 
…88 
mL), dried over anhydrous magnesium sulfate, and evaporated. The residue was 
purified by column chromatography on silica gel with hexane/ethyl acetate (50:1) to give 
pure (5)-(-)-perillyl butyl ether (37) (15.0 g, 90%) as a colorless oil: [a]22D -57.9 °(c 
1.33, GHC13); ^ NMR 5 5.70 (br s, 1H), 4.72 (br s, 2H), 3.83 (s, 2H), 3.37 (t，/ = 
6.6 Hz, 2H), 2.17-1.81 (m, 6H), 1.74 (s, 3H), 1.59-1.33 (m, 5H), 0.92 (br t，/= 7.3 
Hz, 3H); 13C NMR 5 149.83 (C), 135.16 (C), 123.73 (CH), 108.54 (CH^, 75.11 
(CH2), 69.77 (CH2), 41.26 (CH), 31.92 (CH2), 30.56 (CH2), 27.61 (CH2), 26.45 
(CH2), 20.68 (CH3), 19.40 (CH2), 13.82 (CH3); MS m/z 208 (M+,13.29). Anal. 
Calcd for C14H240: C, 80.71; H, 11.61. Found: C, 80.17; H, 11.62. 
(5).(.)-l-Butoxymethyl-4-(2-propenyl)-cyclohexane-l,2-epoxide (38)64 
A solution of magnesium monoperoxyphthalic acid (MMPP) (85%, 5.82 g, 10 
mmol) in water (50 mL) was added over 1 h to a stirred solution of (5)-(-)-l-perillyl 
butyl ether (37) (2.08 g, 10 mmol) in chloroform (50 mL) containing a catalytic amount 
of methyltrioctylammonium chloride at 5 0 ^ and was stirred for a further 4 h. The 
organic layer was separated, and the aqueous layer was extracted with chloroform (3 x 
50 mL). The combined organic layers were washed with aqueous sodium bicarbonate 
(50 mL), dried over anhydrous magnesium sulfate and evaporated. The crude oil was 
purified by column chromatography on neutral grade in alumina. Elution with hexane 
afforded CS>(-)-l-butoxymethyl-4>(2-propenyl)-cyclohexane-l，2-epoxide (38) (1.23 g, 
55%) as a colorless oil consisting of a mixture of two diastereomers which was used in 
the next reaction without further separation: [a]D -40.40 (c 3.16, CHC13); NMR 8 
4.72，4.68 (br s, br s, 2H), 3.49-3.41 (m, 4H), 3.18, 3.13, 3.11 (br s, br s, br s, 1H), 
2.17-1.26 (m, 14H), 0.92 (br t, / = 7.3 Hz, 3H); 13C NMR 5 148.97 (C), 109.05 
(CH2), 74.91 (CH2) 74.65 (CH2)’ 71.30 (CH2), 59.09 (C), 58.72 (C), 57.71 (CH), 
56.25 (CH), 40.91 (CH), 36.84 (CH), 31.83 (CH2), 30.61 (CH2), 29.62 (CH2), 
26.31 (CH2), 26.16 (CH2), 24.76 (CH2), 23.94 (CH2), 20.87 (CH), 20.17 (CH), 
19.30 (CH2), 13.81 (CH3); MS m/z 224 (M+, 1.24). Anal. Calcd for C14H2402： C, 
74.95; H, 10.78. Found: C, 74.99; H, 10.96. 
(5).(-)-l-Butoxymethyl-4-acetyl-l-cyclohexene (39)65,66 
A solution of (5)-(-)-l-butoxymethyl-4-(2-propenyl)-cyclohexane-l,2-epoxide 
(38) (1.12 g, 5.0 mmol) in dichloromethane (50 mL) was cooled to -78^ and ozone 
was bubbled through the solution. Once a persistent blue color was observed, the 
addition of ozone was discontinued and nitrogen was passed through the solution for 15 
min. Then the solution was added to a suspension of zinc dust (1.86 g, 28.6 mmol), 
sodium acetate (0.43 g, 5.2 mmol) and sodium iodide (1.27 g, 8.5 mmol) in glacial 
acetic acid (3 mL) at 0 ^ , and the mixture was stirred overnight at room temperature. 
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The zinc dust was removed by filtration and washed with dichloromethane (50 mL). 
The combined filtrates were washed with aqueous sodium bicarbonate (20 mL) and 
brine (10 mL), dried over anhydrous magnesium sulfate. Evaporation of the extract 
gave a colorless oil which was purified by column chromatography on silica gel with 
hexane/ethyl acetate (50:1) to furnish (5)-(-)-l-butoxymethyl-4-acetyl-cyclohexene (39) 
(339 mg, 30%) as a colorless oil: [a]D -67.8° (c 3.76, CHC13); XH NMR 5 5.69 (br s, 
1H), 3.83 (br s, 2H), 3.37 (t, / = 6.5 Hz, 2H), 2.60-2.57 (m, 1H), 2.23-1.99 (m, 
5H), 2.18 (s, 3H), 1.68-1.50 (m, 3H), 1.45-1.30 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H); 
13C NMR 8 210.96, 135.20, 122.26，74.79, 69.82，47.33, 31.82，27.73, 26.67， 
25.44, 24.66, 19.33, 13.76; MS m/z 169 (M-57, 1.17), 153 (M-73, 10.62). Anal. 
Calcd for C13H2202： C, 74.24; H, 10.54. Found: C, 74.24; H, 10.16. 
(5).(.)-4-Butoxymethyl-3-cyclohexene-l-carboxylic Acid (40)67 
To a well stirred solution of (S)-(-)-l-butoxymethyl-4-acetyl-l-cyclohexene (39) 
(452 mg, 2.0 mmol) in dioxane (6 mL) and 10% aqueous sodium hydroxide (6 mL) was 
added dropwise a solution of iodine-potassium iodide-water (1:2:1) at room temperature 
until the color of iodine persisted. The mixture was stirred for an additional 1 h at room 
temperature, then warmed to 60 °C and stirred continuously for 1 h at the same 
temperature. After that, the reaction mixture was cooled to room temperature and 
quenched by addition of aqueous Na2S205, then acidified with hydrochloric acid and 
extracted with diethyl ether (3 x 100 mL). The organic layer was washed with brine (20 
mL) and dried over anhydrous magnesium sulfate. Upon evaporation of the solvent an 
oil remained which was chromatographed over silica gel with hexane/ethyl acetate (4:1) 
to afford (5)-(-)-4-butoxymethyl-3-cyclohexene-l-carboxylic acid (40) (306 mg, 67%) 
as a viscous oil: [a]D -60.0�(c 2.26，CHC13); NMR 8 10.2 (br, 1H), 5.68 (br, 1H), 
3.84 (s, 2H), 3.38 ( t , / = 6.6 Hz, 2H), 2.60-2.53(m, 1H), 2.32(m, 2H), 2.11-2.06(m, 
3H), 1.77-1.71 (m, 1H), 1.59-1.50 (m, 2H), 1.44-1.30 (m, 2H), 0.91 (t, J = 7.3 Hz, 
3H); 13C NMR 8 181.30 (C), 135.01 (C), 122.14 (CH), 74.72 (CH2)，69.72 (CH2), 
39.09 (CH), 31.70 (CH2)，27.10 (CH2), 25.01 (CH2), 24.89 (CH2), 19.28 (CH2), 
13.74 (CH3); MS m/z 224 (M+, 4.32). Anal. Calcd for C12H20O3: C，67.89; H，9.50. 
Found: C, 67.72; H, 9.75. 
( 5 ) . ( . ) . 4 1 - ( 4 1 ' - c y a n o b i p h e n y l ) 4 - B u t o x y m e t h y l - 3 - c y c l o h e x e n e - l -
carboxylate (4) 
A solution of (5)-(-)-4-butoxymethyl-3-cyclohexene-l-carboxylic acid (40) 
(196 mg, 1.0 mmol), 4-hydroxy-4'-cyanobiphenyl (11) (228 mg, 1.0 mmol), N,N’-
dicyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (12.2 mg, 0.1 mmol) was allowed to stir 
at room temperature overnight The reaction mixture was filtered and the filtrate was 
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evaporated in vacuo. The crude product was purified by flash column chromatography 
on silica gel with hexane/ethyl acetate (10:1) as an eluent. This material was further 
recrystallized from hexane to afford (SJ-^J-^-C^'-cyanobiphenyl) 4-butoxymethyl-3-
cyclohexene-l-carboxylate (4) (296 mg, 73%) as white prisms: [a]22D -44.7�(c 3.28, 
GHC13); NMR 5 7.65, 7.58 (AB q, J = 8.3 Hz, 4H), 7.54，7.17 (AB q , / = 8.6 Hz, 
4H), 5.72 (br s, 1H), 3.85 (s, 2H), 3.38 ( t , / = 6.5 Hz, 2H), 2.87-2.76 (m, 1H), 2.50-
2.40 (m, 2H), 2.24-2.12 (m, 3H), 1.93-1.81 (m, 1H), 1.62-1.51 (m, 2H), 1.45-1.31 
(m, 2H), 0.92 ( t , / = 7.3 Hz, 3H); 13C NMR 8 173.45 (C), 151.12 (C), 144.21 (C), 
136.18 (C), 135.01 (C), 132.20 (2GH), 127.81 (2CH), 127.21 (2CH), 121.89 (2CH), 
121.36 (CH), 118.31 (C), 110.73 (C), 74.41 (CH2), 69.50 (CH2), 39.15 (CH), 31.54 
(CH2), 26.97 (CH2), 24.77 ( 2 0 ^ , 19.07 (CH2), 13.55 (CH3); MS m/z 389 (M+, 
8.53). Anal. Calcd for C25H27N03: C, 77.09; H, 6.99; N, 3.60. Found: C,76.59; H, 
6.81; N, 3.46. 
(.SX^-Perillaldehyde (41) 
To a well stiired suspension of manganese dioxide (17.4 g, 0.2 mol) was added 
(5)_(.).perinalcohol (17) (15.2 g, 10 mmol) at 0 °C. After absence of the starting 
alcohol, as determined by TLC, the residue of manganese dioxide was removed by 
suction filtration, and washed sufficiently with hexane. The filtrate and the washings 
were combined and the solvent was removed under reduced pressure to afford (5)-(-)-
perillaldehyde (41) as a colorless oil (1.2 g, 80%). The aldehyde was identical in all 
aspects with an authentic sample and shown to be over 90% pure by ^ -NMR analysis, 
which was used for the preparation of (42) without further purification: 1H NMR 5 
9.44 (s, 1H), 6.84-6.82 (m, 1H), 4.78-4.77 (m, 1H), 4.74 (br s, 1H), 2.48-2.42 (m, 
2H), 2.29-2.13 (m, 3H), 1.95-1.88 (m, 1H), 1.77 (s, 3H), 1.55-1.35 (m, 1H). 
(S )-(-)-4-(2-Propenyl)-l-cyclohexene-l-carboxylic Acid (42)83 
Silver oxide was prepared by adding an aqueous solution of silver nitrate (1.7 g, 
10 mmol) to an aqueous solution of sodium hydroxide (0.40 g, 10 mmol). Stirring 
during the addition ensured complete reaction and resulted in a brown semisolid mixture., 
The silver oxide was collected and washed extensively free of nitrate with several 
portions of distilled water. The wet oxide was covered with water (20 mL) and treated 
with sodium hydroxide pellets (1.94 g, 48.5 mmol) with vigorous stirring, the 
temperature was adjusted to 55-60 XI, and the unpurified (S)-(-)-perillaldehyde (41) 
[freshly prepared from 1.52 g (10 mmol) of (S)-(-)-perillalcohol (17)] was added. 
After stirring for 20 minutes, the black silver suspension was removed by suction 
filtration and washed with several portions of hot distilled water. The cold combined 
filtrate and washings were acidified with dilute hydrochloric acid and extracted with 
dichloromethane (3 x 100 mL), dried over anhydrous magnesium sulfate. Column 
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Chromatography on silica gel eluted with hexane/ethyl acetate (4:1) afforded (5)-(-)-4-
(2-propenyl)-l-cyclohexene-l-carboxylic acid (42) [1.25 g, 75% overall from (5)-(-)-
perillalcohol (17)], which was recrystallized from hexane to provide colorless prisms: 
mp 130-132 [a]25D -111.85 0 (c 1.94, CHC13); NMR 8 7.15-7.13 (m, 1H), 
4.78-4.76 (m, 1H), 4.73 (br s, 1H), 2.55-2.12 (m, 5H), 1.94-1.87 (m, 1H), 1.75 (s, 
3H), 1.60-1.40 (m, 1H); 13C NMR 5 171.69 (C), 148.66 (C), 141.57 (CH), 129.56 
(C), 109.31 (CH2), 40.12 (CH), 31.36 (CH2), 27.13 (CH2), 24.32 (CH2), 20.65 
(CH3); MS m/z 166 (M+, 6.69). Anal. Calcd for C10H14O2： C, 72.26; H, 8.49. 
Found: C, 72.15; H, 8.47. 
(5 ) . ( . ) .4 l - (4 f , -Heptoxybiphenyl ) 4-(2-PropenyI)- l -cyclohexene-l -
carboxylate (5) 
A solution of (S)-(-)-4-(2-propenyl)-l-cyclohexene-l-carboxylic acid (42) (166 
mg, 1.0 mmol), 4-hydroxy-4'-heptoxybiphenyl (12) (284 mg, 1.0 mmol), N, N � 
cHcyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (12.2 mg, 0.1 mmol) was allowed to stir 
at room temperature overnight The reaction mixture was filtered and the filtrate was 
evaporated in vacuo. The crude product was purified by flash column chromatography 
on silica gel with hexane/ethyl acetate (20:1) as an eluent, which was further 
recrystallized from hexane to afford (5)-(-)-4,-(4"-heptoxybiphenyl) 4-(2-propenyl)-l-
cyclohexene-l-carboxylate (5) (268 mg, 62%) as white prisms: mp 102 "C, [a]26D -
47.68° (c 2.51，CHC13); lU NMR 8 7.53, 7.14 (AB q , / = 8.6 Hz, 4H), 7.48，6.95 
(AB q，/= 8.8 Hz, 4H), 7.29-7.26 (m, 1H), 4.79 (br s, 1H), 4.76 (br s, 1H), 3.98 (t, 
J = 6.6 Hz, 2H), 2.65-2.58 (m, 1H), 2.41-2.35 (m, 2H), 2.24-2.17 (m, 2H), 1.99-
1.92 (m, 1H), 1.83-1.74 (m, 2H), 1.78 (s, 3H), 1.58-1.28 (m, 10H), 0.90 (br t，/ = 
6.6 Hz, 3H); 13C NMR 8 165.77 (C), 159.01 (C), 150.27 (C), 148.71 (C), 141.12 
(CH), 138.56 (C), 133.08 (C), 129.98 (G), 128.15 (CH), 127.66 (CH), 121.91 (CH), 
115.10 (CH), 109.44 (CH2), 68.37 (CH2), 40.26 (CH), 31.87 (CH2), 31.49 (CH2), 
29.45 (CH2), 29.12 (CH2), 27.28 (CH2), 26.14 (CH2), 24.83 (CH2), 22.64 (CH2), 
20.72 (CH3), 14.03 (CH3); MS m/z 432 (M+, 47.16). Anal. Calcd for C29H3603： C, 
80.52; H, 8.39. Found: C,80.66; H, 8.48. 
(5 ) - ( . ) -4^(4 1 f-Octoxybiphenyl) 4 - (2-Propenyl ) - l -cyc lohexene- l -
carboxylate (6) 
A solution of (5)-(-)-4-(2-propenyl)-l-cyclohexene-l-carboxylic acid (42) (166 
mg, 1.0 mmol), 4-hydroxy-4'-octoxybiphenyl (13) (298 mg, 1.0 mmol), N, 
dicyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
in the presence of 4-(Hmethylaminopyridine (DMAP) (12.2 mg, 0.1 mmol) was allowed 
to stir at room temperature overnight. The reaction mixture was filtered and the filtrate 
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was evaporated in vacuo. The crude product was purified by flash column 
chromatography on silica gel with hexane/ethyl acetate (20:1) as an eluent, which can be 
further recrystallized from hexane to afford (5)-(-)-4,-(4,,-octoxybiphenyl) 4-(2-
propenyl)-l-cyclohexene-l-carboxylate (6) (259 mg, 58%) as white prisms: mp 96 X：, 
[a]26D-41.08° (c 5.24/GHCl3); iHNMR 8 7.46,7.07 (AB q , / = 8.6 Hz, 4H), 7.41， 
6.88 (AB q, J = 8.8 Hz, 4H), 7.29-7.26 (m, 1H), 4.72 (br s, 1H), 4.69 (br s, 1H), 
3.91 (t, / = 6.6 Hz, 2H), 2.58-2.50 (m, 1H), 2.38-2.33 (m, 2H), 2.23-2.11 (m, 2H), 
1.92-1.86 (m, 1H), 1.76-1.67 (m, 2H), 1.71 (s, 3H), 1.50-1.22 (m,12H), 0.82 (brt, 
/ = 6.9 Hz, 3H);13G NMR 8 165.72 (C), 158.98 (C), 150.25 (C), 148.67 (C), 141.09 
(CH), 138.52 (C), 133.04 (C), 129.94 (C), 128.12 (CH), 127.63 (CH), 121.89 (CH), 
115.07 (CH), 109.42 (CH2), 68.34 (CH2), 40.25 (CH), 31.87 (CH2), 31.47 (GH2), 
29.43 (2CH2), 29.27 (CH2), 27.26 (CH2), 26.17 (CH2), 24.82 (CH2), 22.67 (CH2), 
20.71 (CH3), 14.03 (CH3); MS m/z 446 (M+, 29.94). Anal. Calcd for C30H38O3： C, 
80.68; H, 8.58. Found: C, 80.68; H, 8.50. 
(10-(+)-Perillaldehyde (43) 
To a well stirred suspension of manganese dioxide (17.4 g, 0.2 mol) was added (ft�-
(+)-perillalcohol (28) (15.2 g, 10 mmol) at 0 After absence of the starting alcohol, 
as determined by TLC, the residue of manganese dioxide was removed by suction 
filtration, and washed sufficiently with hexane. The filtrate and the washings were 
combined and the solvent was removed under reduced pressure to afford (^)-(+)-
perillaldehyde (43) as a colorless oil (1.2 g 80%). The aldehyde was identical in all 
aspects with an authentic sample and shown to be more than 90% pure by XH NMR 
analysis, which was used for the preparation of (44) without further purification:. ^ 
NMR 8 9.44 (s, 1H), 6.83-6.81 (m, 1H)，4.78-4.77 (m, 1H), 4.73 (br s，1H), 2.49-
2.41 (m, 2H), 2.28-2.11 (m, 3H), 1.94-1.87 (m, 1H), L75 (s, 3H), 1.55-1.35 (m, 
1H). 
(jR)-(+)-4-(2-Propenyl)-l-cyclohexene-l-carboxylic Acid (44)83 
Silver oxide was prepared by adding an aqueous solution of silver nitrate (1.70 
g, 10 mmol) to an aqueous solution of sodium hydroxide (0.40 g, 10 mmol). Stirring 
during the addition ensured complete reaction and resulted in a brown semisolid mixture. 
The silver oxide was collected and washed extensively free of nitrate with several 
portions of distilled water. The wet oxide was covered with water (20 mL) and treated 
with sodium hydroxide pellets (1.94 g, 48.5 mmol) with vigorous stirring, the 
temperature was adjusted to 55-60 °€，and the unpurified (jR)-(+)-perillaldehyde (43) 
[freshly prepared from 1.52 g (10 mmol) of (R)-(+)-perillalcohol (28)] was added. 
After stirring for 20 minutes, the black silver suspension was removed by suction 
filtration and washed with several portions of hot distilled water. The cold combined 
filtrate and washings were acidified with dilute hydrochloric acid and extracted with 
R 
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dichloromethane (3 x 100 mL), dried over anhydrous magnesium sulfate. Column 
Chromatography on silica gel eluted with hexane/ethyl acetate (4:1) afforded (及)-(+)-4-
(2-propenyl)-l-cyclohexene-l-carboxyHc aeid (44) [1.28 g, 11% overall from (/?)-(+)-
perillalcohol (28)], which was recrystallized from hexane to provide colorless prisms, 
I mp 130-132 ^ [ a ] 2 ^ +98.84 0 (c 0.86，CHC13);)H NMR 5 7.15-7.13 (m, IH), 
I 4.78-4.76 (m, IH), 4.73 (br s, IH), 2.55-2.12 (m, 5H), 1.95-1.87 (m, IH), 1.76 (s, 
I 3H), 1.60-1.40 (m, IH); 13C NMR 5 172.51 (C), 148.63 (C), 141.62 (CH), 129.65 
I (C) , 109 .28 (CH 2 )； 4 0 . 0 9 (CH) , 3 1 . 3 3 ( C H 2 ) , 2 7 . 0 9 ( G H 2 ) , 2 4 . 2 5 ( C H 2 ) , 2 0 . 6 2 
I (CH3); MS mlz 166 (M+, 14.72). Anal. Calcd for C10H14O2： C, 72.26; H, 8.49. 
Found: C, 71.91; H, 8.48. 
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I (^)-(+)-4^(41 f-HeptoxybiphenyI) 4-(2-Propenyl)- l -cycIohexene- l -
carboxylate (7) 
A solution of (i?)-(+)-4-(2^jpropenyl)-l-cyclohexene-l-carboxylic acid (44) (166 
mg, 1.0 mmol),^-hydroxy^'-heptoxybiphenyl (12) (284 mg, 1.0 mmol), N, N � 
dicyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (12.2 mg，0.1 mmol) was allowed to stir 
at room temperature overnight The reaction mixture was filtered and the filtrate was 
evaporated in vacuo. The crude product was purified by flash column chromatography 
on silica gel with hexane/ethyl acetate (20:1) as an eluent, which can be further 
recrystallized from hexane to afford (i?)-(+)-4'-(4,,-heptoxybiphenyl) 4-(2-propenyl)-l-
cyclohexene- 1-carboxylate (7) (268 mg, 62%) as white prisms: mp 102 "C, [a]26D 
+39.13° (c 2.30, CHC13); XH NMR 8 7.54, 7.15 (AB q，/ 国 8.6 Hz, 4H), 7.48, 6.96 
(AB q，/ = 8.8 Hz, 4H), 7.29-7.26 (m, IH), 4.80 (br s, IH), 4.76 (br s, IH), 3.99 (t, 
J =6,6 Hz, 2H), 2.65-2.57 (m, IH), 2.40-2.30 (m,2H), 2.25-2.18 (m, 2H), 1.99-
1.94 (m, IH), 1.86-1.78 (m, 2H), L81(s, 3H), 1.51-1.25 (m, 10H), 0.90 (br t, / = 
6.6 Hz, 3H); 13C NMR 5 165.77 (C), 159.00 (C), 150.27 (C), 148.71 (C), 141.12 
(CH), 138.56 (C), 133.08 (C), 129.98 (C), 128.15 (CH), 127.66 (CH), 121.91 (CH), 
115.10 (CH), 109.44 (CH2), 68.38 (CH2), 40.27 (CH), 31.87 (CH2), 31.50 (CH2), 
i 29.46 (CH2), 29.12 (GH2), 27.29 (CH2), 26.14 (CH2), 24.83 (CH2), 22.64 (CH2), 
20.73 (CH3), 14.03 (CH3); MS m/z 432 (M+, 40.67). Anal. Calcd for C29H3603： C, 
80.52; H, 8.39. Found; C, 80.38; H, 8.38. 
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( i?)-(+)-4 l-(4 f f-Octoxybiphenyl) 4 - (2 .Propenyl ) - l - cyc lohexene- l -
carboxylate (8) 
A solution of (i?)-(+)-4-(2-propenyl)-l-cyclohexene-l-carboxylic acid (44) (166 
mg, 1.0 mmol), 4-hydroxy-4,-octoxybiphenyl (13) (298 mg, 1.0 mmol), N, N � 
dicyclohexylcarbodiimide (DCC) (206 mg, 1.0 mmol) in dry dichloromethane (20 mL) 
in the presence of 4-dimethylaminopyridine (DMAP) (12.2 mg, 0.1 mmol) was allowed 
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to stir at room temperature overnight. The reaction mixture was filtered and the filtrate 
was evaporated in vacuo. The crude product was purified by flash column 
chromatography on silica gel with hexane/ethyl acetate (10:1) as an eluent, which can be 
further recrystallized from hexane to afford (^)-(+)-4'-(4,,-octoxybiphenyl) 4-(2-
propenyl)-l-cyclohexene-l-carboxylate (8) (250 mg, 56%) as white prisms: mp 96 "C, 
I [a]25D+41.41° (c 1.92, CHC13);也 NMR 8 7.54, 7.15 (AB q，/ = 8.6 Hz, 4H), 7.49, 
I 6.96 (AB q, / = 8.7 Hz, 4H), 7.29-7.26 (m, 1H), 4.80 (br s, 1H), 4.77 (br s, 1H), 
3.99 ( t , / = 6.6 Hz, 2H)r 2.65-2.58 (m, 1H), 2.45-2.31 (m ,2H), 2.25-2.18 (m, 2H), 
2.00-1.94 (m/lH), 1.86-1 3H), 1.56-1.29 (m, 12H), 0.89 (br t, 
/ = 6.7Hz，3H); 13G NMR S 165.78 (C), 159.00 (C), 150.26 (C), 148.71 (C), 141.12 
? (CH), 138.56 (C), 133.08 (C), 129.97 (C), 128.14 (CH), 127.66 (CH), 121.90 (CH), 
: 115.10 (CH), 109.13 (CH2), 68.37 (CH2), 40.26 (CH), 31.89 (CH2), 31.49 (CH^, 
29.43 (2CH2), 29.29 (CH2), 27.27 (CH2), 26.17 (CH2), 24.83 (CH2), 22.69 (CH2), 
20.72 (CH3), 14.03 (CH3); MS m/z 446 (M+, 32.82). Anal. Galcd for C30H38O3： C, 
80.68; H, 8.58. Found: C, 80.38; H, 8.57. 
(4S)-l-Methyl-2-hydroxy-4^(2-propenyl)-l-cyclohexanol (50)84 
To a solution of (5)-(-)-Hmonene oxide (49) (1.52 g, 1.64 mL, 10 mmol) in 
tetrahydrofuran (10 mL) was added dropwise 3N perchloric acid (3.4 mL) in 
tetrahydrofuran (5 mL) a t -20^ • After addition, the reaction mixture was maintained at 
-10—20^ and stirred for a further 30 min, then neutralized by adding dilute sodium 
bicarbonate (30 mL). The reaction mixture was extracted with diethyl ether (3 x 50 
mL). The ether phase was washed with brine (10 mL), dried over anhydrous 
magnesium sulfate，and evaporated. The residue was separated by column 
chromatography on silica gel eluted with hexane/ethyl acetate (10:1) to afford the two 
diastereomers of (45)-l-methyl-2-hydroxy-4-(2-propenyl)-1-cyclohexanol (50) (totally 
1.45 g, 85%). 
(IR, 2R, 4S)-l-Methyl-2-hydroxy-4-(2-propenyl)-l-cyclohexanol (50a): XH 
NMR 8 4.74 (br s, 2H), 3.68-3.62 (m; 1H), 2.35-2.20 (m, 1H), 1.99-1.51 (m, 6H), 
1 .74 (s , 3 H ) , 1 .28 (S, 3 H ) ; 1 3 C N M R 8 148 .93 (C), 108 .74 (CH 2 ) , 7 3 . 4 4 (CH), 7 1 . 3 2 
(C)，37.27 (CH), 33.72 (CH2), 33.51 (CH2), 26.09 (CH3), 25.91 (CH2), 20.81 
I (CH3);MSm/z 169 (M-l, 1.83), 152 (M-l8, 6.46), 137 (M-18-15,15.54), 134 (M-18 
x 2, 10.42). 
(15, 25, 4S)-l-Methyl-2-hydroxy-4-(2-propenyl)-l-cyclohexanol (50b): ^ 
NMR 8 4.71 (br s, 2H), 3.90-3.60 (br, 2H), 3.61, 3.57 (dd, / = 11.8 Hz, 4.5 Hz, 1H), 
2.05-1.22 (m, 7H)，1.72 (s, 3H), 1.20 (s, 3H); 13G NMR 5 148.60 (C), 109.07 
( 1 ^ 77.20 (CH), 74.19 (C),43.86 (CH), 38.63 (GH2), 36.42 (CH2), 28.75 ( 0 ¾ ) , 
20.86 (H3)，L18.94 (CH3); MS m/z 170 (M+, 0.58), 169 (M-l, 3.84)，152 (M-18， 
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10.97), 137 (M-18-15,10.09), 134 (M-18 x 2, 2.01). 
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l-Methyl-2-hydroxy-4-(2-propylidene)-l-cyclohexanol (52)84 
A solution of (5)-(-)-limonene oxide (49) (1.52 g, 1.64 mL, 10 mmol) and 3N 
perchloric acid (3.4 mL) in tetrahydrofuran (15 mL) was stirred at room temperature for 
30 min，then neutralized with dilute sodium bicarbonate (30 mL). The reaction mixture 
was extracted with diethyl ether (3 x 50 mL). The ether phase was washed with brine 
I (10 mL), dried over anhydrous magnesium sulfate, and evaporated. The residue was 
separated by column chromatography on silica gel eluted with hexane/ethyl acetate (10:1) 
to afford l-methyl-2-hydroxy-4-(2-propyHdene)-l-cyclohexanol (52) (1.4 g, 80%): lB. 
NMR 5 3.47, 3.43 (dd, / = 9.8, 4.3 Hz, 1H)，2.76，2.70 (dd，/ = 13.7, 4.0 Hz, 1H), 
j 2.49-2.39 (m, 1H), 2.40-2.20 (br, 2H), 2.04-1.89 (m, 2H), L69, 1.68 (s, s, 6H), 
L50-1.35 (m, 2H), 1.25 (s, 3H);13C NMR 5 126.91 (C), 123.77 (C), 76.24 (CH), 
73.34 (G), 37.46 (CH2), 34.23 (CH2), 25.95 (CH2), 19.83 (2CH3), 19.68 (CH3);MS 
m/z 170 (M+, 31.59), 169 (M-l, 0.58), 152 (M-18, 76.99)，137 (M-18-15, 98.83)， 
134 (M-18 x 2，6.74)‘ Anal. Calcd for C10H18O2: C, 70.55; H, 10.66. Found: C, 
70.55; H, 10.32. 
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(55)-2-Hydroxy-2-methyl-5-(2-propenyl)-l-cyclohexanone (51)85 
To a suspension of pyridinium chlorochromate (PCC) (4.31 g, 20 mmol) in dry 
dichloromethane (20 mL) containing a catalytic amount of pyridine was added a solution 
of (45)-l-methyl-2-hydroxy-4-(2-propenyl)-l-cyclohexanol (50) (1.7 g, 10 mmol) in 
dry dichloromethane (5 mL) in one portion with sufficient stirring. After 2 h, diethyl 
ether (100 mL) dried with calcium chloride was added. The reaction mixture was 
poured into a short-path column containing Florisil to remove any inorganic salts, and 
the filtrate was collected. The Florisil was washed several times with dichloromethane 
(500 mL). The filtrate and the column washings were combined and the solvent was 4 
removed under reduced pressure at room temperature. The residue was purified by 
column chromatography on silica gel with hexane/ethyl acetate (20:1) to afford (55)-2-
hydroxy-2-methyl-5-(2-propenyl)-l-cyelohexanone (51) as a colorless oil ( l . l lg , 
66%): iH NMR 6 4.87 (br s, 1H), 4.70 (br s, 1H), 3.51 (brs, 1H), 2.83-2.78 (m, 
1H), 2.66-2.53 (m, 2H), 2.00-L77 (m, 5H), 1.74 (s, 3H), 1.37 (s, 3H); 13CNMR5 
:: 212.46 (C), 146.13 (C), 110.65 (CH^, 74.75 (C), 44.67 (CH), 41.45 (CH2), 37.77 
(CH2), 25.05 (CH2), 24.03 (CH3), 20.60 (CH3); MS mlz 168 (M+,1.82), 167 (M-l, 
10.52), 150 (M-18, 5.05). Anal. Calcd for C10H16q2： C, 71.39; H, 9.59. Found: C, 
71.07; H, 9.40. 
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A solution of n-butyllithium (1.4 M, 85.5 mL, 0.12 mol) in hexane was added to 
diisopropylamine (11.1 g，15.4 mL, 0.11 mol) in anhydrous diethyl ether (300 mL) at 0 
SC under a nitrogen atmosphere. After being stiired for 10 minutes, (5)-(-)-limonene 
oxide (49) [15.2 g, 16.4 mL, 0.10 mol, purchased from Aldrich Chem. Co.(Aldrich 
21,833-2) as a mixture of cis and trans isomers, [a]D 69° (neat)] in anhydrous diethyl 
ether (60 mL) was added dropwise over a 30-minute period The resulting mixture was 
warmed to room temperature and stirred for 12 h. After the clear homogeneous mixture 
was cooled in an ice bath, water (300 mL) was added The ether phase was separated 
I and washed successively with 100 mL portions of 2N hydrochloric acid, water, 
saturated aqueous sodium bicarbonate, and brine. The aqueous phase and each washing 
was extracted twice with 50 mL portions of diethyl e t e , and the ethereal extracts were 
combined, dried over anhydrous magnesium sulfate, distilled through a short distillation 
I; 
head and further purified by column chromatography on silica gel with hexane/ethyl 
acetate (20/1) to yield (55)-(-)-2-methylene-5-(2-propenyl)-l-cyclohexanol (53) (89%) 
and a small 咖ount of (3S)-6-Hydroxy-6-methyl-3-(2-propenyl)_l-cyclohexene (54) 
(2.7%) as a light yellow oil. 
f (5S)-(-)-2-methylene-5-(2-propenyl)-1 -cyclohexanol (53): [a]22D -30.20(c 
I 5.30, CHC13); % NMR 8 4.96-4.70 (m, 4H), 4.36-4.34 (m, 0.38 H), 4.09-4.06 (m， 
0.62 H), 2.79 (br s, 1H), 2.49-L17 (m, 7H), 1.71’ 1.71 (s, s, 3H); 13C NMR 8 
151.06 (C), 149.97 (C), 149.25 (C), 148.49 (C), 109.36 (CH2), 108.95 (CH2), 
108.75 (CH2), 103.86 (CH2), 72.20 (CH), 72.00 (CH), 44.14 (CH), 42.13 (CH2), 
39.17 (CR2), 38.09 (CH), 33.73 (CH2), 32.68 (CH2), 32.59 (CE^), 29.92 (CH2), 
20.78 (CH3), 20.55 (CH3); MS m/z 152 (M+, 5.12). Anal. Calcd for C10H16O: C, 
78.90; H, 10.59, Found: C, 78.52; H, 10.64. NMR analysis showed the peak areas 
of the signals of the carbon-2 protons corresponding to 1:1.65 ratio of the two 
diastereomers. 
(35)-6-Hydroxy-6-methyl-3-(2-propenyl)-l-cyclohexene (54): NMR 8 
5.72-5.59 (m, 2H), 4.78-4.77 (m, 1H), 4.67-4.66 (m, 1H), 2.80-2.70 (m，1H)，2.17 
(s, 1H), 1.73 (s, 3H), 2.00-1.40 (m, 4H), 1.28 (s, 3H); 13C NMR 5 147.16(C), 
.134.55 (CH), 130.39 (CH), 110.69 (CH2), 68.44 (C), 42.48 (CH), 36.11 (CH2), 
28.82 (CH3), 25.03 (CH2), 20.92 (CH3); MS m/z 152 (M+, 2.58). Anal. Calcd for 
C10H16O: C, 78.90; H, 10.59. Found: C, 78.29; H, 10.60. 
The ratio of (55)-2-methylene-5-(2-propenyl)- 1-cyclohexanol (53) and (35)-6-
hydroxy-6-methyl-3-(2-propenyl)-l-cyclohexene(54) was about 33:1. 
Preparation of Dess-Martin Periodinane 5689 
Preparation of 55 - Potassium bromate (76.0 g, 0.45 mol) was added over a 30-
minute period to a vigorously stirred mixture of 2-iodobenzoic acid (85.2 g, 0.34 mol) 
. : , : � : : . : . , . � 9 7 � 
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and sulfuric acid (0. 73 M, 730 mL), which was kept below 55^ . After the addition 
the mixture was warmed to 65 "C and stirred for 3.6 hv Cooling to 0(，filtering and 
washing with 1000 mL of water and two 50 mL portions of ethanol gave 55 (81 g，0.29 
I mol, 85%) as light yellow crystals, NMR (DMSO-c^) 5 8.17-8.13 (m, 1H), 8.06-
I 7.98 (m, 2H), 7.88-7.82 (m, lH). 
Preparation of 56 - A stirred slurry of 55 (25 g, 0.089 mol) in acetic acid (70 
m L ) was heated to 100 "C. After the solid had dissolved the reaction mixture was stirred 
for 40 min at this temperature. The solvent was removed under vacuum at room 
temperature until a thick slurry remained. Filtering the slurry in an inert atmosphere and 
I washing with dry diethyl ether (180 mL) gave 56 (35 g, 0.08 mol, 93%), XH NMR 5 
I 8.34-8.27 (m, 2H), 8.11-8.04 (m, 1H), 7.94-7.88 (m, 1H), 2.34 (s, 3H), 2.01 (s, 
6H). • 
m , " � . : . 
(5S)-2-Methylene-5-(2-properiyl)-l-cyclohexanone (48) 
I I • I 
Method A - Dess-Martin Periodinane Method89 
A solution of (55)-2-methylene-5-(2-propenyl)- 1-cyclohexanol (53) (1.52 g, 10 
mmol) in dry dichloromethane (10 mL) was added to a solution of Dess-Martin 
； perioninane 56 (5.51 g, 13 mmol) in dry dichloromethane (100 mL) with stirring. After 
2 h, the homogeneous reaction mixture was diluted with diethyl ether (250 mL), and 5% 
sodium hydroxide (100 mL) was added to the resulting suspension of iodinane to 
hydrolyze the iodinane to the water-soluble 2-iodosobenzoate. After the mixture was 
stirred for 10 minutes, the ether layer was separated and washed with 5% sodium 
hydroxide (100 mL), and water (100 mL), dried over anhydrous magnesium sulfate for 
1 h. Removal of the solvent under reduced pressure at below 30 °C yielded (55)-2-
methylene-5-(2-propenyl)-l-cyclohexanone (48) as a sensitive oil which polymerized 
upon prolonged standing at room temperature. [Caution: the solvent should not be 
removed completely to prevent the sensitive enone from polymerization]. The crude 
enone was distilled azeotropically with benzene and used in the next reaction without 
fiirther purification. 41 NMR 5 5.86 (br s, 1H), 5.17-5.16 (m, 1H), 4.81-4.79 (m, 
1H), 4.73-4.72 (m, 1H), 2.80-1.50 (m, 7H), 1.76 (s, 3H). 
Method B - PCC Method85 
To a suspension of pyridinium chlorochromate (PCC) (4.31 g, 20 mmol) in dry 
dichloromethane (20 mL) containing a catalytic amount of pyridine was added a solution 
of (55)-(-)-2-methylene-5-(2-propenyl)- 1-cyclohexenone (53) (1.52 g, 10 mmol) in dry 
dichloromethane (5 mL) in one portion with sufficient stirring. After 2 h, diethyl ether. 
(100 mL) dried with calcium chloride was added. The reaction mixture was poured onto 
a short-path column containing Florisil to remove any inorganic salts, and the filtrate 
was colleeted. The Rorisil was washed several times with dichloromethane (500 mL). 
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The filtrate and the column washings were combined and the solvent was removed under 
reduced pressure at room temperature. TLC indicated the appearance of a major enone 
48 and a higher R f compound was isolated by column chromatography on silica gel 
with hexane/ethyl acetate (20:1) and found to be identical in all aspects with authentic 
perillaldehyde. The ratio of the desired enone 48 and the rearranged product 
perillaldehyde was 6:1 based on the 1H NMR analysis of the reaction mixture. 
(2S,55)-2-Pentyl-5-(2-propenyl)-l-cyclohexanone (57) 
Dess-Martin Periodinane-Guprous Cyanide Method94 
Cuprous cyanide (3.2 g, 36 mmol, Merck 366519, in the green, crystalline 
form) was azeotxopically dried with benzene (54 ml) at room temperature under vacuum. 
To the slurry of the dry cuprous cyanide in anhydrous diethyl ether (36 mL) was 
！ introduced n-butyllithium (1.4 M, 43 mL, 60 mmol) at -78V. After addition the mixture 
was allowed to warm to O'C at which point it became a homogeneous slightly yellowish 
solution. After 1-2 min at OX： the flask was recooled to -78^：. (5S)-(-)-Methylene-5-
(2-propenyl)-l-cyclohexanone (48) [prepared by Dess-Martin oxidation of (55)-2-
methylene-5-(2-propenyl)-l-cyclohexanol (53) (10 mmol) and dried by azeotropic 
distillation with benzene at room temperature under vacuum] in anhydrous diethyl ether 
(10 mL) was added. The reaction mixture was stirred for 1 h, then was quenched at 
with 10% aqueous ammonia/90% saturated ammonium chloride solution followed 
by extraction with diethyl ether (3 x 100 mL) and dried over anhydrous magnesium 
sulfate. Column chromatography on silica gel with hexane/ethyl acetate (50/1) gave 
(55).(.)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) [560 mg, 27% overall from 
(SSM+methylene-S-G-propenylH-cyclohexanone ( 5 3 ) ] . 
PCC-Cuprous Cyanide Method94 In a very similar method as described above, 
(55).(-)_2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) was obtained [400 mg, 19% 
overall from (55)-(-)-methylene-5-(2-propenyl)-l-cyclohexanone (53) (10 mmol)]. 
Enone 48 was prepared by oxidation of 53 with PCC. 
Dess-Martin Periodinane-Cuprous Iodide Method To a suspension of freshly 
recrystallized cuprous iodide (11.44 g, 60 mmol) in anhydrous diethyl ether (200 mL) 
was added a solution of n-butyllithium (1.4 M, 79 mL, 110 mmol) in hexane with 
stimng at under a nitrogen atmosphere. After 10 min, the mixture was chilled to -
78V and (5S)-(-)-methylene-5-(2-propenyl)-l-cyclohexanone (48) [freshly prepared by 
Dess-Martin oxidation of (55>2-methylene-5-(2-propenyl)-l-cyclohexanol (53) (10 
mmol) and dried by azeotropical distillation with benzene at room temperature under 
vacuum] was introduced and the reaction mixture was stirred for 1 h at that temperature. 
The reaction was quenched with 2N aqueous hydrochloric acid (100 mL) followed by 
…99 
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filtering. The organic layer was separated, and the aqueous layer was extracted with 
I diethyl ether (3 X 100 mL). The combined organic layers were washed with brine (50 
mL), dried over anhydrous magnesium sulphate and concentrated. The crude product 
was purified by column chromatography on silica gel eluted with hexane/ethyl acetate 
(50/1) to afford (25, 55)-(-)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57a) and (2/?, 
55)-(-)-2-pentyl-5K2-propenyl)-l-cyclohexanone (57b) [1.31g，63% overall from 
(55)-(-)-methylene-5-(2-propenyl)-l-cyclohexanone (53) (10 mmol)]. 
(25, 55)-(-)-2-Pentyl-5-(2-propenyl)-l-cyclohexanone (57a): [ a ] ^ -4.2° (c 
6.0，CHCI3); NMR S 4.75-4.72 (m, 2H), 2.44-2.13 (m，5H), 1.98-1.91 (m, 1H), 
•.. 
1.72-1.64 (m, 2H), 1.72 (s, 3H), 1.34-1.23 (m, 8H), 0.87 (br t, / = 6.7 Hz, 3H), 13C 
NMR 8 211.30 (C), 147.34 (C), 109.35 (CH2), 49.86 (CH), 46.99 (CH2), 46.99 
(CH), 32.61 (CH2)，31.82 (CH2)，30.63 (CH2)，28.75 (CH2)，26.64 (CH2), 22.31 
(CH2), 20.14 (CH3), 13.73 (CH3); MS m/z 209 (M+l, 8.17)，208 (M+，4.26), 209 
(M+l, 8.17)100. Anal. Calcd for C14H240: C, 80.71; H, 11.61. Found: C, 80.35; H, 
:: 11.93. •...、:.:. ； 
(2R, 5JR).(-)-2-Pentyl-5-(2-propenyl)-l-cyclohexanone (57b):1}! NMR 8 4.81-
4.80 (m, m)，4.71 (br s, 1H), 2.65-2.10 (m, 4H), 2.00-1.60 (m, 7H), 1.34-1.23 (m， 
8H), 0.87 (br t, / = 6.7 Hz, 3H). , 
I ： : . 
PCC-Cuprous Iodide Method In a very similar method as described above, (55)-(-
)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) was obtained [625 mg, 30% totally 
from (55)-(-)-methylene-5-(2-propenyl)-l-cyclohexanone (53) (10 mmol)]. Enone 48 
was prepared by oxidation of 53 with PCC. 
(55)-2-Pentyl-5-acetyl-l-cyclohexanone (46) 
A solution of (SD-O-Z-pentyl-S-G^propenyD-l-cyclohexanone ( 5 7 ) (208 mg, 
10 mmol)) in dichloromethane (20 mL) and methanol (20 mL) was saturated with ozone 
at -78X； until the blue color persisted. The excess of ozone was removed by passing 
nitrogen through the solution, and work-up was effected by addition of an excess of 
dimethyl sulfide. After stiiring at room temperature overnight, the excess of dimethyl 
sulfide and the solvent was removed under reduced pressure. The residue was 
dissolved in dichloromethane (50 mL), washed with brine (10 mL), dried over 
anhydrous magnesium sulfate. Solvent evaporation and column chromatography on 
silica gel with hexane/ethyl acetate (10/1) afforded two diastereomers of (55)-2-pentyl-5-
acetyl-l-eyclohexanone (46). 
(25,55)-2-pentyl-5-acetyl-l-cyclohexanone (46a) (160 mg, 76%) as an oil: 
[a]23D -14/70 (c 10.0, CHCI3); NMR 5 2.90-2.75 (m, 1H), 2.50, 2.46 (2br s, 2H), 
2:26-2.11 (m, 3H), 2.19 (s，3H)，1.82-1.73 (m, 2H), 1.36-1.24 (m, 8H), 0.88 (br t, J 
=6.7 Hz, 3H); 13C NMR 8 210.71 (C), 207.80 (C), 52.27 (CH), 49.98 (CH), 43.14 
f : . . . • 100 • 
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I (CH2), 32.43 (CH2)，31.93 (C%), 28.87 (CH�,28.00 (CH3), 27.79 (CH2), 26.73 
I f (CH2), 22.46 (GKy, 13.87 (CH3); MS m/z 211 (M+l, 6.91), 210 (M+, 1.02). Anal. 
| | Calcd for C13H2202： C, 74.24; H, 10.54. Found: C, 73.68; H, 10.54. 
I； (2/^,55)-2-Pentyl-5-acetyl-l-cyclohexanone (46b) (23 mg, 11%) as an oil: 
I [ ^ ^ 0 -85.00 ^ 1.0, CHG13); XH NMR 5 3.00-2.90 (m, 1H), 2.67, 2.61 (dd, J = 
I 14.55 Hz, 8.7 Hz, 1H), 2 .36126 (m，:2H), 2.19 (s’ 3H), 1.96-1.87 (m, 3H), 1.79-
I 1.69 (m, 2H), 1.39-1.20 (m，10H), 0.84 (br t , / = 5.7 Hz, 3H); 13C NMR 8 211.59 
I (0, 208 .43 (C), 50.60 (CH)，49.67 (CH), 40.45 (CH2), 31.73 (CH^, 30.20 (CH2), 
I 29.20 (CH2), 28.04 (CH3), 26.77 (CH2), 24.16 (GH2), 22.45 (0¾)，13.90 (CH3); 
I MS m/z 210 (M+, 1.80), 211 (M+l, 6.97). Anal. Caled for 01 3^202： C, 74.24; H, 
10.54. Found: C, 73.39; H, 10.54. 
I ^ H • 
(58)95，96 
To a mixture of (5S)-2-pentyl-5-acetyl-l-cyclohexanone (46) (52.5 mg, 0.25 
mmol) and freshly distilled benzaldehyde (26.5 mg, 25.4 pL, 0.25 mmol) in absolute 
methanol (5 mL) was added a solution of sodium methoxide (13.5 mg, 0.25 mmol) in 
absolute methanol (5 mL) at room temperature under a nitrogen atmosphere. The 
reaction mixture was stirred at room temperature for 48 h, and after removal of the 
I 
solvent, water was added, and the mixture was extracted with diethyl ether (3 x 50 mL), 
I 
the organic layer was washed with brine (10 mL), dried over magnesium sulphate, and 
evaporated. Column chromatography on silica gel with hexane/ethyl acetate (10/1) 
afforded 2-pentyl-5-rr^-cinnnamylphenol (58) (60 mg, 82%): lU NMR 5 7.83, 7.54 
(AB q，/= 15.7 Hz, 2H), 7.73 (d, / = 1.6 Hz, 1H), 7.65-7.61 (m, 2H), 7.53 (dd，/ = 
7.8，1.6 Hz, 1H), 7.42-7.39 (m, 3H), 7,23 (d, J = 7.8 Hz, 1H), 6.91 (br, 1H), 2.70 
( t , / = 7.7 Hz, 2H), 1.69-1.63 (m, 2H), 1.40-1.26 (m, 4H), 0.90 (t, / = 7.0 Hz, 3H); 
13c NMR 8 190.32 (C), 154.46 (C), 144.72 (CH), 137.26 (C), 135.42 (C), 135.14 
(C), 130.44 (CH), 130.12 (CH), 128.93 (2CH), 128.46 (2CH), 122.30 (CH), 121.17 
[； (CH), 115.11 (CH), 31.71 (CH2), 30.17 (CH2), 29.10 (CH2), 22.50 (CH2), 13.92 
(CH3); MS m/z 294 (M+, 100), 293 (M-l, 100). HRMS calcd for C20H22O2 
294.1620, found 294.1545. 
。 : ： • : . : , : : 、 ） ： . 
(25,5S)-(-)-2-Pentyl-5-(2-propenyl)-l-cyclohexanone Ethylene Acetal 
(59) 
Method A100 
The mixture of (2S,5S)K-)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) 
(2.08 g，10 mmol), ethylene glycol (3.10 g, 50 mmol) and catalytic amount of oxalic 
acid in dry benzene (100 mL) was stirred vigorously and refluxed for 1 day with water 
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separation by a Dean-Stark trap with Drierite in the side arm to aid in water removal. 
The mixture was cooled and washed with aqueous sodium bicarbonate (10 mL) and 
brine (10 mL), dried over anhydrous magnesium sulfate. The solvent was removed 
under reduced pressure to give the crude product. XH NMR analysis of the mixture 
indicated 50% product and 50% starting ketone; longer reaction time did not improve the 
yield of the product. 
I Method B1 0 1 
Preperation of dried oxalic acid101 一 Oxalic acid dihydrate was dried by 
azeotropic distillation (40"€ bath) at aspirator pressure using first two 80 mL portions of 
absolute ethanol, then 80 mL of benzene. The resulting crystalline material, unlike the 
dihydrate, dissolves readily in acetonitrile. 
(25,55)-(-)-2-Pentyl-5-(2-propenyl)- 1-cyclohexanone (57) (2.08 g, 10 mmol) 
was added to a mixture of dry oxkHc acid (900 mg, 10 mmol), ethylene glycol (1.86 g, 
1.67 mL, 30 mmol) and acetonotril (15 niL). After stirring at room temperature for 1 
day, cold water (50 mL) was added. The reaction mixture was extracted with diethyl 
ether (3 x 20 mL), dried over anhydrous magnesium sulfate. The solvent was removed. 
lH NMR analysis of the mixture indicated 50% product and 50% starting ketone; longer 
reaction time did not improve the yield of the product 
Method C1 0 2 
Preperation of pyridinium tosylate (pyrididiump-toluenesulfonate, "PPTS")103 -
p-Toluenesulfonic acid monohydrate (5.70 g, 30 mmol) was added to pyridine (12.1 
mL, 15 mmol) with sirring at room temperature (slightly exothermic). After stirring for 
20 min, the excess of pyridine was removed with rotary evaporation on a water bath at 
ca. 6 0 ^ to afford quantitative yield of PPTS as slightly hygroscopic colorless crystals. 
A solution of (2S,55)-(-)-2-pentyl-5-(2-propenyl)- 1-cyclohexanone (57) (2.08 
g, 10 mmol), ethylene glycol (3.10 g, 50 mmol) and pyridinium tosylate (750 mg, 3 
mmol) in dry benzene (100 mL) was stirred vigorously and refluxed with water 
separation by a Dean-Stark trap with Drierite in the side arm to aid in water removal until 
the starting ketone was completely consumed (about 1 day). The mixture was cooled 
and washed with saturated aqueous sodium bicarbonate (20 mL), brine (10 mL), and 
dried over anhydrous magnesium sulfate. The solvent was removed under reduced 
pressure to give the sufficiently pure ketal 59, which was further purified by column 
chromatography on silica gel with hexane/ethyl acetate (50:1) (222 mg, 88%): XH NMR 
5 4.68 (br s, 2H), 3.96-3.93 (m, 4H), 2.35-1.00 (m, 19H), 0.88 (br t, / = 6.3 Hz, 
3H); 13C NMR 8 149.61，111.18，108.43，65.05, 64.80，44.86，42.77, 40.50, 32.33, 
31.13, 29.20, 27.95，27.18，22.65, 20.74, 14.01; MS mlz 252 (M+, 5.2). Anal. Calcd 
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I A mixture of (5S)-(-)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) (2.08 g, 
10 mmol), ethylene glycol (621 mg, 0.56 mL, 10 mmol) and a catalytic amount ofp-
toluenesulfonic acid monohydrate in benzene (100 mL) was refluxed for 1 day with a 
• Dean-Stark phase-separating head. The cooled reaction mixture was washed with 
saturated sodium carbonate (10 mL) and brine (10 mL). The washed organic layer was 
dried over anhydrous magnesium sulfate and evaporated under reduced pressure. The 
I resulting mixture was purified by column chromatography on silica gel eluted with 
hexane/ethyl acetate (50/1) to afford 3-(2-propyl)-6-perityl-2-cyclohexen-l-one (60): 
NMR 5 5.84 (br s, 1H), 2.40-2.31 (m, 3H), 2.13-2.06 (m, 2H), 2.23-2.06 (m, 2H), 
1.37^1.30 (m, 7H), 1.11 (s, 3H), 1.08 (s, 3H), 0.88 (br t，/= 6.8 Hz, 3H). 
I 、 ： ， 、 〜 二 
Method B9 8 
To a solution of (5S)-(-)-2-pentyl-5-(2-propenyl)-l-cyclohexanone (57) (2.08 
g j 10 mmol) and ethylene glycol (621 mg, 0.56 mL, 10 mmol) in acetic acid (5 mL) was 
added freshly distilled boron trifluoride etherate (710 mg, 0.63 mL, 5 mmol) at room 
temperature. The reaction mixture was stirred at 40-50( overnight, then poured into 
saturated sodium bicarbonate (50 mL), extracted with dichloromethane (3 x 50 mL), and 
dried over anhydrous potassium carbonate. Column chromatography on silica gel eluted 
with hexane/ethyl acetate (50/1) afforded 3-(2-propyl)-6-pentyl-2-cyclohexen-l-one 
(60): 41 NMR S 5.84 (brs’ lH)’ 2.43^2.31 (m，3H)，2.23-2.06 (m，2H), 1.83-1.70 
(m, 2H), 1.39-1.30 (m, 7H), 1.11 (s, 3H), 1.09 (s, 3H), 0.89 (br t , / = 6.4 Hz, 3H); 
13c NMR 8 201.79(C), 169.73 (C), 123.14 (CH), 45.86 (CH), 35.28 (CH), 31.75 
(CH2), 29.07 (CH2), 27.86 (CH2), 26,63 (CH》，26.51 (CH2), 22.33 (CH2), 20.58 
(CH3), 20 39 (CH3), 13.75 (CH3); MSttz/Z 208 (M+, 3.02). 
(2S,55)-2-Pentyl-5-acetyl-l-cycIohexanone Ethylene Acetal (61) 
A solution of (25,55)-(-)-2-pentyl-5-(2-propenyl)-cyclohexanone ethylene acetal 
(59) [prepared from (5S)-( )-2-pentyl-5-(2-propenyl)-l-cyclohexanone (59) (208 mg, 
10 mmol)] in dichloromethane (20 mL) and methanol (20 mL) was saturated with ozone 
at -78X! until the appearance of a persistent blue color. The reaction mixture was 
flushed with oxygen for 10 minutes longer. The ozonide was reduced by the addition of 
an excess of dimethyl sulfide at -78^1 and the mixture was allowed to warm to room 
temperature and stirred overnight The excess of dimethyl sulfide and the solvent was 
removed under reduced pressure. The residue was diluted with dichloromethane (50 103 
m k ： .if • j ••；, . , , • . ‘ 、 ’ . . , - . , . . . . . ‘ 
W 等 K ? ， , . . 
mL)； washed with brine (10 mL), and dried over anhydrous magnesium sulfate. 
I；：-
Solvent removal and column chromatography on silica gel with hexane/ethyl acetate 
(10/1) afforded (25,55)-(2-pentyl-5-acetyl-l-cyclohexanone ethylene acetal (61) [203 
mg, 80% overall from (55)K-)-2-pentyl-5<2-propenyl)-l-cyclohexanone (57)] as an 
i oil: [a]24!) +28° (c 1Q, CHG13); ^ NMR 5 4.02-3.90 (m, 4H), 2.63-2.62 (m 1H), 1.53 
f (s, 3H), 1.92-1.23 (m, 15H), 0.88 (t, 7 = 6.9 Hz, 3H); 13C NMR 8 210.32 (C), 
110.37 (C), 64.96 (GHy, 64.80 (CH^)，49.18 (CH), 44.45 (CH), 36.82 (CH2), 32.13 
f (CH2)，28.50 (CH2)，27.69 (CH3), 27.40 (2CH2), 26.95 (CH2), 22.48 (CH2), 13.87 
IF (GH3); MS m/z 254 (M+, 3.48), 211 (M-43, 100). Anal. Calcd for C15H2603： C, 
70.83; H, 10.30. Found: G, 70.96; H, 10.53. 
I . \ . � . 
(2S,55)-2-Pentyl-5-hydroxycarbonyl- l -cyclohexanpne Ethylene Acetal 
I (62) 
To a well stirred solution of (2S,55)-(-)-2-pentyl-5-(2-propenyl)-l-； 
cyclohexanone) (61) (254 mg, 1.0 mmol) in dioxane (40 mL) and 10% aqueous 
sodium hydroxide (10 mL) was added dropwise a solution of iodine-potassium iodide in 
water (1:2:1) at room temperature until the color of iodine persisted. The mixture was 
stirred for an additional 1 h at room temperature, then warmed to 60 "C and stirred 
continuously for 1 h at that temperature. After cooling to in an ice-bath, the solution 
of the crude acid salt was treated with saturated aqueous Na2S205 and then acidified to 
pH5by dropwise addition of 6N hydrochloric acid and extracted with diethyl ether (5 x 
50 mL). The organic layer was washed with brine (10 mL) and dried over anhydrous 
magnesium sulfate. Upon evaporation of the solvent an oil remained which was 
chromatographed on silica gel with ethyl acetate to afford (2S,55)-2-pentyl-5-
hydroxycarbonyl-1 -cyclohexanone ethylene acetal (62) (145 mg, 57%): [a]23D +26.50 
(c7.1，EtOAc); NMR 5 3.96-3.84 (m, 4H), 2.58-2.48 (m, 1H), 2.02-1.82 (m, 3H), .... ‘ . . 
1.78-0.90 (m, 12H), 0.81 (br t，/= 6.7 Hz, 3H); 13C NMR 5 181.41 (G), 110.04 (C), 
65.00 (CH2), 64.92, (CH2), 44.34 (CH), 40.97 (CH), 37.25 (CH2), 32.22 (CH2), 
28.23 (CH2), 27.85 (GH2), 27.61 (CH2), 27.01 (CH2), 22.60 (CH2), 14.02 (CH3); 
MS m/z 256 (M+，29.82). HRMS calcd for G^H^Q^ 256.1674，found 256.1670. 
^H I 
(lS,4S)-4-Pentyl-3-cyclohexanone-l-carboxylic Acid (45) 
(25,5,S')-2-Pentyl-5-hydroxycarbonyl-l-cyclohexanone ethylene acetal (62) 
(256 mg, 1.0 mmol) was dissolved in acetone (5 mL) and treated with a catalytic amount 
of 6 N hydrochloric acid at room temperature. The reaction was quenched after 3 h by 
addition of saturated sodium bicarbonate (50 mL). The mixture was extracted with 
dichloromethane (3 x 20 mL). The organic layer was washed with brine (10 mL), dried 
over anhydrous magnesium sulfate. Upon evaporation of the solvent an oil remained 
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which was purified by column chromatography on silica gel eluted with ethyl acetate to 
afford (15,45)-4-pentyl-3-cyclohexanone-l-carboxylic acid (45) (180 mg, 85%): 
I [a]22D+8.5° (c 2.0, EtOAc); lRNMR 8 10.1 (br, 1H), 2.82-2.52 (m, 3H), 2.28-2.18 
I (m, 3H), 1.90-1.78 (m, 2H), 1.42-1.26 (m, 8H), 0.88 (br t, / = 6.7 Hz, 3H); 13C 
I NMR 8 210.11，179.07，49.95, 44.13, 43.30, 31.89, 31.84, 28.82, 28.06，26.68， 
22.46, 13.90; MS m/z 212 (M+, 1.34). Anal. Calcd of the methyl ester of 45 for 
I c13H22°3 : c，68.99; H, 9.79. Found: C, 69.52; H, 9.62. 
I :. ‘ 
( l S , 4 S ) - 4 f - ( ^ I ' - H e p t o x y b i p h e n y l ) ^ - P e n t y l - S - c y c l o h e x a n o n e - l -
carboxylate (9) 
A solution of (15,4S)-4-pentyl-3-cyclohexanone-l-carboxylic acid (45) (106 
mg, 0.5 mmol), 4-hydroxy-4-heptoxybiphenyl (12) (142 mg, 0.5 mmol) and iV,iV-
dicyclohexylcarbodiimide (DCC) (103 mg, 0.5 mmol) in dry dichloromethane (20 mL) 
containing 4-dimethylaminopyridine (DMAP) (6.6 mg, 0.05 mmol) was allowed to stir 
at room temperature overnight The reaction mixture was filtered and the filtrate was 
evaporated. The crude product was purified by flash column chromatography on silica 
gel with hexane/ethyl acetate (10:1) as an eluent. This material can be further 
recrystallized from hexane to afford (lS,45,))-4,-(4"-heptoxybiphenyl) 4-pentyl-3-
cyclohexanone-l-carboxylate (9) (180 mg, 75%): XH NMR 8 7.54, 7.11 (AB q, / = 
: 8.6 Hz, 4H), 7.48，6.96 (AB q, J = 8.8 Hz, 4H), 3.99 (t, J - 6.6 Hz, 2H), 2.90-3.05 
(m, 1H), 2.82-2.65 (m, 2H), 2.45-2.30 (m, 3H), 2.03-1.75 (m, 5 H), 1.45-1.10 (m, 
f 15H), 0.92-0.87 (m, 6H); 13C NMR 8 209.70 (C), 172.09 (G), 158.95 (C), 149.55 
(C), 138.93 (C), 132.65 (C), 128.06 (2GH), 127.67 (dCH), 121.46 (2CH), 114.95 
(2CH), 68.21 (CH2), 50.03 (CH), 44.57 (CH), 43.61 (CH2), 31.95 (2CH2), 31.78 
. ( C H 2 ) , 29.33 (€H2), 29.04 (CH2), 28.89 (CH2), 28.31 (CH^, 26.75 (CH2), 26.03 
(CH2), 22.57 (CH2), 22.57 (CH2), 13.98 (2CH3); MS m/z 478 (M+, 14.29). Anal 
Calcd for C31H4204: C，77.79; H，8.84. Found: C，77.23; H，8.75. 
(25,55)-2-Pentyl-5-hydroxymethyl-l-cyclohexanone Ethylene Acetal 
-• (63) U . 
To a stirred suspension of lithium aluminum hydride (34 mg, 0.9 mmol, 80% 
excess) in anhydrous diethyl ether (5 mL) was added dropwise a solution of (25,55)-2-
pentyl-5-hydroxycarbonyl-l-cyclohexanone ethylene acetal (62) (128 mg, 0.5 mmol) in 
anhydrous diethyl ether (5 mL) at room temperature. The mixture was allowed to stir 
for lh, then the excess lithium duminum hydride was destroyed by the addition of ethyl 
acetate and water. The organic layer was separated, and the aqueous layer was extracted 
with diethyl ether. The combined organic layers were washed with brine, dried over 
anhydrous magnesium sulfate, and concentrated under reduced pressure. Column 
chromatography on silica gel with hexane/ethyl acetate (10:1) gave (2S,55)-2-pentyl-5-
hydroxymethyl-1-cyclohexanone ethylene acetal (35) as an oil in quantitative yield: 
f:.:?广:」《::.:/::: ::: : ：； •'：". ；：；/^ ^ ：.' ： ： 
I I , 
[a]23D+12.3° (c 6.0, n-C6H14); rH NMR 5 3.96-3.89 (m，4H), 3.44-3.41 (m, 2H), 
I 1.90-0.95 (m, 15H), 0.85 (br t, J = 6.8 Hz), 3H); 13C NMR 5 110.93 (C), 67.90 
I (CH2), 64.99 (CH2), 64.78 (CHy, 45.02 (CH), 38.44(CH2), 38.40 (CH), 32.28 
: (CH2), 28.46 (2CH2), 27.87 (CH^, 27.15 (CH2), 22.61 (CH2), 13.99 (CH3); MS 
( m/z 242 (M+, 11.74). HRMS calcd for C14H2603 242.1882, found 242.1919. 
(2S,5S)-2-Pentyl-5-hydroxymethyl-l-cyclohexanone (64) 
!-;；：；：：；•；•；• • '；；：.. . . ^ , ； . . . j . • . • • 
dS^-l-Pen^U-hydroxymethyl-l-cyclohexanone ethylene acetal (63) (121 
mg, 0.5 mmol) was dissolved in acetone (5 mL) and treated with a catalytic amount of 6 
N hydrochloric acid at room temperature. The reaction was quenched after 3 h by 
addition of saturated sodium bicarbonate (50 mL). The mixture was extracted with 
dichloromethane (3 x20 mL). The organic layer was washed with brine (10 mL), dried 
over anhydrous magnesium sulfate. Upon evaporation of the solvent an oil remained 
which was purified by column chromatography on silica gel eluted with hexane/ethyl 
acetate (4:1) to afford (2S,5S)-2-pentyl-5-hydroxymethyl-l-cyclohexmione (64) (89 
mg，90%): [cx]23D-2.7。(c 4.0，CHa3); % NMIU 3.57 (br s，IH), 3.55 (br s，IH), 
2.40-1.10 (m, 16H), 0.87 (br t, / = 6.8 Hz, 3H); 13C NMR 5 ； MS m/z 198 (M+, 
本 3.74). HRMS calcd fbr C12H2202 198.1620，found 198.1679. 
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Spectrum 90 1 3C NMR Spectrum of 9 
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